University of Memphis

University of Memphis Digital Commons
Electronic Theses and Dissertations
11-29-2010

Corticosterone Secretion in Young Florida Scrub-Jays: Correlates
and Consequences
Michelle Annette Rensel

Follow this and additional works at: https://digitalcommons.memphis.edu/etd

Recommended Citation
Rensel, Michelle Annette, "Corticosterone Secretion in Young Florida Scrub-Jays: Correlates and
Consequences" (2010). Electronic Theses and Dissertations. 115.
https://digitalcommons.memphis.edu/etd/115

This Dissertation is brought to you for free and open access by University of Memphis Digital Commons. It has
been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of
Memphis Digital Commons. For more information, please contact khggerty@memphis.edu.

To the University Council:
The Dissertation Committee for Michelle Annette Rensel certifies that this is the
final approved version of the following electronic dissertation: “Corticosterone Secretion
in Young Florida Scrub-Jays: Correlates and Consequences.”

_________________________________
Stephan J. Schoech, Ph.D.
Major Professor

We have read this dissertation and recommend
its acceptance:

____________________________
David A. Freeman, Ph.D.

____________________________
Matthew J. Parris, Ph.D.

____________________________
Michael H. Ferkin, Ph.D.

____________________________
Gary Voelker, Ph.D.

Accepted for the Graduate Council:

_________________________________
Karen D. Weddle-West, Ph.D.
Vice Provost for Graduate Programs

CORTICOSTERONE SECRETION IN YOUNG FLORIDA SCRUB-JAYS:
CORRELATES AND CONSEQUENCES
by
Michelle Annette Rensel

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy

Major: Biology

The University of Memphis
December 2010

DEDICATION

I dedicate this dissertation to my parents, Rob and Kady Rensel, and my sister, Sarah
Rensel. Your love and support have made all of this possible.

ii

ACKNOWLEDGEMENTS

I have had the opportunity to be a part of an intellectually stimulating and loyal
group of colleagues while at the University of Memphis. First and foremost, thank you to
my dissertation advisor, Dr. Stephan Schoech, for recruiting me to be a part of his lab and
for providing me with a wonderful opportunity to study scrub-jays. His guidance and
leadership have been instrumental in my formation as a scientist. Thanks also to Drs.
Dave Freeman, Matt Parris, Kristin Kramer, Gary Voelker, and Michael Ferkin for being
excellent committee members. Thank you to Dr. Travis Wilcoxen, who joined the lab as
a graduate student at the same time as me. I couldn’t have asked for a better lab-mate,
field-mate, and friend to travel through graduate school with. Travis’ excellent food,
wealth of knowledge, and incredible persistence through the worst of field seasons has
encouraged and supported me. Dr. Eli Bridge provided me with valuable advice and
training when I entered the program, and introduced me to one of the best card games
I’ve ever played. Thank you also to Dr. Raoul Boughton, a former lab member and postdoctoral associate at Archbold Biological Station, for teaching me the ropes with field
work and always being available to answer questions and discuss statistics. Many thanks
to Matt Venesky for entertaining the Schoech lab, providing a valuable outside resource,
and being a wonderful friend. Thank you also to Leanne Venesky for great friendship and
for feeding me so often! Thanks to Rebecca Heiss for being a true friend and co-member
of Team Awesome, and to Dr. Tom Small for providing guidance, support, and
friendship. Special thanks also to the staff of the Department of Biological Sciences at the
University of Memphis, especially Ms. Donna Haskins, for providing support.

iii

To the staff of Archbold Biological Station, especially Dr. Hilary Swain, Sharon
Hawkins, Ann Thompson, Bert Crawford, Dr. Eric Menges, Roberta Pickert, Kevin
Main, Kevin Patram, Fred Lohrer, Eric Stein, and Carl Weekley, thank you for providing
a productive and scientifically rich community for me to join and for kindly hosting me
for the past five field seasons. Special thanks to Dr. Reed Bowman, Lab Head of the
Avian Ecology Laboratory at Archbold Biological Station, for providing office space,
valuable advice, and integration with the bird lab community. Special thanks also to Dr.
Shane Pruett, Larry Riopelle, Angela Tringali, Joe Neiderhauser, Nancy Chen, Rob
Aldredge, and Jill Aldredge, all of whom have facilitated my research through their
advice, friendship, and support. Gina Morgan, Michelle Desrosiers, Zach Seilo, and
Rachel Hanauer provided valuable field assistance. Finally, thank you to my funding
sources, The American Ornithologists’ Union, Sigma Xi, The University of Memphis,
and the Society for Integrative and Comparative Biology.

iv

ABSTRACT

While much is known about the relationship between stress and the steroid
hormone, corticosterone (CORT) in adult animals, less is known about the dynamics of
CORT secretion in developing animals. My research examined factors affecting levels of
baseline and stress-induced CORT in a free-living, non-migratory passerine, the Florida
scrub-jay (Aphelocoma coerulescens). I addressed the following questions: 1) Do
baseline and stress-induced CORT secretion change with age? 2) Are nestling baseline
CORT levels correlated with conditions in the nest, such as hatching order and parental
behavior? 3) Are baseline and stress-induced CORT levels repeatable within individuals?
4) Do baseline and stress-induced CORT levels predict fitness? I found: 1) The degree of
the stress response in nestlings was lower than that of nutritionally independent young
and yearlings, although baseline CORT levels did not differ with age. 2) Baseline
nestling CORT levels were inversely related to maternal nest attentiveness and paternal
feeding rates. In broods of two, first-hatched nestlings had higher baseline CORT than
second-hatched nestlings, although this pattern did not extend to broods of three or four.
3) Baseline CORT levels of individuals were not statistically repeatable over the course
of the first several years of life. However, stress-induced CORT levels were repeatable,
indicating that stress responsiveness is a stable aspect of the physiological phenotype. 4)
Stress-induced CORT levels were not related to survival from one year to the next at any
age. However, in one of three cohorts, baseline CORT at one year of age was inversely
correlated with the probability of survival to two years of age. Many birds from this same
cohort bred at the age of two, providing an opportunity to assess the relationship between
CORT levels and measures of reproductive success. Baseline CORT levels and stress
v

responsiveness during the pre-breeding period were predictive of some of these
measures: birds with a higher stress response had fewer offspring survive to day 11 posthatch and were less likely to fledge any offspring than birds with a lesser stress response.
In addition, there was a positive correlation between pre-breeding baseline CORT levels
and mean offspring mass on day 11 post-hatch.
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PREFACE

It is well known from humans and other mammalian systems that adverse
developmental conditions may alter a number of aspects of offspring phenotype,
encompassing both short-term and long-term effects. One of the main mechanistic links
that has been discovered in developmental stress research is the mediation of some
effects by glucocorticoids such as corticosterone, a steroid hormone produced by the
adrenal glands. The links between corticosterone, development, and life-long phenotypic
changes are in many cases unclear, however. The goal of my research was to uncover the
sources of variation in corticosterone levels in young, developing Florida scrub-jays
(Aphelocoma coerulescens), as well as the consequences of this variation for fitness.
Chapter 1 (Development of the Adrenal Stress Response) has been published in the
journal General and Comparative Endocrinology (Rensel et al., 2010a). Chapter 2 (Hatch
Order, Brood Size, and Body Condition in Developing Florida Scrub-Jays) is currently
under review at this same journal (Rensel et al., in review). Chapter 3 (The Relationship
between Nestling Corticosterone and Parental Care) has been published in the journal
Hormones and Behavior (Rensel et al., 2010b). Chapter 4 (Repeatability of Baseline and
Stress-Induced Corticosterone Levels in Young Florida Scrub-Jays) has been submitted
to Hormones and Behavior (Rensel and Schoech, in review), and Chapter 5
(Corticosterone Secretion Patterns Predict Some Aspects of Fitness in Young Florida
Scrub-Jays (Aphelocoma coerulescens)) is formatted for submission to Hormones and
Behavior in the very near future. The introduction and conclusion sections are thus
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formatted in the style of Hormones and Behavior, which is essentially identical to that for
General and Comparative Endocrinology.
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CHAPTER 1: INTRODUCTION

It has long been recognized that the phenotype of an individual is determined by
the genotype and the environment working separately or in concert. One aspect of the
environment that has strong ramifications for formation of the adult phenotype is the
early developmental environment, which encompasses all events occurring during
sensitive early life periods. In rodent models, pre- or post-natal stress produces life-long
changes in adrenocortical physiology and behavior that are thought to be mediated at
least in part by the actions of glucocorticoids, or stress hormones (corticosterone in birds
and rodents; cortisol in other mammals; reviewed in Owen et al., 2005). Corticosterone
(CORT) is a steroid hormone released by the adrenal glands on a day-to-day basis
(baseline CORT); however, CORT levels also rapidly rise upon perception of an
endogenous or exogenous stressor (stress-induced CORT). All CORT secretion is
regulated by the hypothalamic-pituitary-adrenal (HPA) axis, a negative feedback system
that tightly controls the levels of CORT in the bloodstream (reviewed in Sapolsky et al.,
2000).
Much is known about the dynamics of CORT secretion in laboratory models. For
example, CORT levels are often correlated with body condition (Lucas et al., 2006), vary
with time of day and season (Breuner et al., 1999; Romero, 2002), and can become
attenuated under conditions of chronic stress (Rich and Romero, 2005). However, the
dynamics of CORT secretion in free-living animals are less well-known, and evidence
from available studies suggests a complex, context-dependent physiological system.
CORT thus appears to be intricately intertwined with multiple aspects of daily
functioning and the response to novel, life-threatening, and even predictable events. In
1

particular, the way that early environmental conditions alter patterns of CORT secretion,
as well as the consequences of variation in CORT levels between individuals, deserve
study in a free-living context. The goal of the dissertation research presented here was to
uncover the causes and consequences of variation in CORT secretion in free-living
Florida scrub-jays (Aphelocoma coerulescens). Florida scrub-jays present a unique and
powerful study system in which to examine such questions because they are relatively
tame-able (i. e., they can be trained to come to researchers who provide peanut ‗treats‘)
and because they are non-migratory and highly philopatric (Woolfenden and Fitzpatrick,
1984). I conducted this research using a population of Florida scrub-jays at Archbold
Biological Station, located in south-central FL. The population of jays that I studied at the
station have been intensively monitored for ~ 20 years (e. g., Schoech, 1991 and Schoech
et al., 2009) and each individual within the population is given a unique combinations of
one USFWS band and two to three color bands that enable identification in the field.
Most importantly, through intensive field observations, I was able to find all nests within
the study area and track each individual bird from the time it hatched through its lifetime,
thus enabling the formation of a unique and powerful long-term dataset. Being able to
track each individual over the course of its life thus enabled me to assess actual
consequences of variation in CORT secretion patterns in terms of reproductive success
and survival.
In the first three studies presented in this dissertation (Chapters 2, 3, and 4), I
sought to uncover the early-life factors that influence CORT levels in nestling Florida
scrub-jays. Specifically, I examined the impacts of age (Chapter 2), hatching order and
brood size (Chapter 3), and parental behavior (Chapter 3) on nestling baseline CORT
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levels. After identification of some of the factors leading to variation in nestling baseline
CORT levels, I then proceeded to examine the consistency of baseline and stress-induced
CORT level within individual jays (Chapter 4). Recent studies suggest that instead of
simply being an entirely plastic physiological system that responds to environmental
conditions, HPA axis activity (CORT secretion) may be a stable physiological trait that is
consistent within individuals (e. g., Romero and Reed, 2008). If this were the case,
patterns of CORT secretion could potentially be subject to natural selection. Finally, in
Chapter 5, I addressed the consequences of variation in baseline and stress-induced
CORT levels for fitness, particularly survival during early life and reproductive success
during the first breeding attempt.
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CHAPTER 2: DEVELOPMENT OF THE ADRENAL STRESS RESPONSE IN THE
FLORIDA SCRUB-JAY (APHELOCOMA COERULESCENS)

Abstract
Nestlings of altricial species undergo a period of substantial growth and
development in the nest after hatching. The hypothalamic-pituitary-adrenal axis regulates
the release of stress hormones such as corticosterone, which in adults is critical in
allowing an animal to respond to a stressor. However, activation of this axis in young
birds may be detrimental to growth and possibly survival. The developmental hypothesis
predicts that altricial nestlings should display a dampened corticosterone response to
stress as a means of protection against the potentially harmful effects of elevated
corticosterone. We examined this hypothesis in Florida scrub-jays, a cooperativelybreeding species with altricial young. Blood samples were collected from nestlings,
nutritionally independent young, and yearlings for measurement of corticosterone levels.
Baseline corticosterone levels did not differ between age classes; however, stress-induced
corticosterone levels were highest in yearlings, intermediate in independent young, and
lowest in nestlings. The nestling stress response was also of a shorter duration than the
response in independent young and yearlings. This variation in stress responsiveness
across ages may be an adaptive mechanism to protect the developing bird from the
negative effects of corticosterone on growth and cognitive development.

Introduction
Free-living animals are regularly exposed to a multitude of events that may
disrupt internal homeostasis, such as poor weather or presence of a predator. Activation
5

of the hypothalamic-pituitary-adrenal (HPA) axis in response to a perturbation aids in the
restoration of homeostasis and ultimately, may ensure an animal‘s survival following a
―stressful‖ event (Wingfield et al., 1998). In response to exogenous or endogenous
stimuli, the adrenal glands secrete glucocorticoids, primarily corticosterone (CORT) in
birds. Circulating CORT during periods of routine activity (baseline) is thought to play a
permissive role in regulation of a variety of physiological processes. Upon perception of
a stressful situation, CORT secretion is up-regulated (stress-induced) and has a more
direct influence on physiology and behavior (Romero, 2004). Elevated CORT has a
variety of physiological effects, including enhanced gluconeogenesis and lipolysis,
regulation of immune function, and inhibition of reproductive hormone secretion
(reviewed in Sapolsky et al., 2000). Behaviorally, elevated CORT has been shown to
induce irruptive migration, enhance memory and alertness, and suppress reproductive
behavior (Wingfield et al., 1998). All of these effects serve to assist the animal in
surviving the stressful event, while inhibiting non-vital functions. Over the short-term,
therefore, acute elevation of CORT is believed to be adaptive, although the few
experimental tests of the fitness benefits of the stress response have yielded contradictory
results (reviewed in Breuner et al., 2008). In fact, corticosterone may have varying effects
on fitness, depending on the life history stage under investigation (Bonier et al., in press).
In contrast to short-term elevation, when CORT is chronically elevated, a variety of
adverse effects are observed. These include muscle wasting (Astheimer et al., 2000),
cognitive deficits (de Quervain et al., 1998; Kitaysky et al., 2003), greater susceptibility
to disease (reviewed in Romero and Butler, 2007 and Sternberg, 2001), and potentially
death (Wingfield et al., 1998). The HPA axis is a tightly regulated endocrine system that
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utilizes negative feedback to control hormone secretion and its responsiveness can be upor down-regulated in response to chronically stressful situations, as well as modified by
developmental conditions (e.g., Cyr and Romero, 2007; Hayward and Wingfield, 2004;
Henry et al., 1994; Navarrete et al., 2007; Pravosudov and Kitaysky, 2006).
The dynamics of CORT secretion and regulation have been well-studied in adults
of many taxa and CORT also plays a critical role in a variety of developmental processes
(see Wada, 2008 for review). For example, in mammals, cortisol aids in organ
development, especially of the lungs (e.g., Hylka and Doneen, 1983; Speirs et al., 2004).
In addition, fetal CORT secretion plays a role in parturition, and based upon evidence
from domestic chickens (Gallus domesticus), may function similarly in hatching in birds
(Jenkin and Young, 2004; Wada, 2008; Wagner et al., 1974; Wise and Fry, 1973).
Curiously, although baseline CORT secretion is high prior to birth in mammals
and some other vertebrates, the HPA axis of young is insensitive to stressful stimuli
(―stress hypo-responsive period‖) immediately post-parturition in some species (rainbow
trout, Oncorhynchus mykiss; Barry et al., 1995; American alligators, Alligator
mississippiensis; Medler and Lance, 1998; rats, Rattus sp.; Sapolsky and Meaney, 1986;
and chickens; Wise and Frye, 1973). In avian species, juvenile common redpolls
(Carduelis flammea: Romero et al., 1998) and very young white-crowned sparrow
(Zonotrichia leucophrys) nestlings (Wada et al., 2007) fail to elevate CORT in the
presence of a standardized stressor, a response which is reminiscent of the stress hyporesponsive period. Such a lack of responsiveness is presumably adaptive in that it protects
the developing animal from the harmful effects of elevated CORT (Sapolsky and
Meaney, 1986). Elevated CORT during development may impair memory and cognitive
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function, as well as reduce growth rates (Hayward and Wingfield, 2004; Kitaysky et al.,
2003). In altricial birds, nestling size and growth rate often correlate with survival to
fledging (Starck and Ricklefs, 1998). Therefore, to facilitate rapid growth, dampening or
suppression of a glucocorticoid stress response in nestlings would be expected.
Developmental strategies in birds are often described according to the altricialprecocial spectrum (Starck and Ricklefs, 1998). The length of the incubation period and,
therefore, the pre-hatching developmental period of precocial species is relatively long.
As a result, young hatch covered in down, have open eyes, and can move about and feed
themselves. Conversely, the shorter incubation period of altricial species results in the
hatching of under-developed young that are without feathers , blind, unable to
thermoregulate, and entirely dependent upon adults for food and protection (Gill, 1994).
Based on these modes of development, the developmental hypothesis (see Blas et al.,
2006; Kitaysky et al., 2003; Schwabl, 1999; Sims and Holberton, 2000) states that the
degree of stress responsiveness in just-hatched birds should be related to developmental
stage upon hatching. Therefore, altricial young should display little to no glucocorticoid
response to stress very early in life, while more-developed precocial young should
display a more adult-like response given the greater benefit of a functional stress
response in these individuals. In addition, as altricial nestlings grow and develop, they
should display a concurrent increase in stress responsiveness as they develop the ability
to cope with stressors. Support for this hypothesis comes from several studies of altricial
species, such as nestling northern mockingbirds (Mimus polyglottos; Sims and Holberton,
2001), European white storks (Ciconia c. ciconia; Blas et al., 2006), and white-crowned
sparrows (Wada et al., 2007), as well as semialtricial nestling American kestrels (Falco
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sparverius; Love et al., 2003; Sockman and Schwabl, 2001) and Magellanic penguins
(Spheniscus magellanicus; Walker et al., 2005). It may be adaptive to minimize exposure
to CORT in nest-bound young for various reasons. For example, elevated CORT levels
mediate physiological and behavioral responses that facilitate escape from the stressor.
Given that the nest-bound status of nestlings renders them incapable of escape,
possession of the full response would not facilitate survival. Also, chronically elevated
CORT could interfere with neural development and growth (Kitaysky et al., 2003).
Indeed, CORT inhibits thyroid hormone synthesis in many vertebrates, including
chickens, which may subsequently interfere with the rapid growth and internal
development occurring in a young nestling (Kuhn et al., 1998). CORT secretion may not
be wholly detrimental, though, as in some species, it enhances begging behavior, which
may help to alleviate nutritional stress (black-legged kittiwakes, Rissa tridactyl; Kitaysky
et al., 2003, house sparrows, Passer domesticus; Loiseau et al., 2008, but see Vallarino et
al., 2006; Wada and Breuner, 2008; Williams et al., 2008).
Although the ability to mount a stress response has been studied in nestlings of
several avian species over the past decade, few studies have assessed the ontogeny of the
stress response at multiple life history stages and even fewer have considered the
breeding system of a species. For example, in contrast to species in which young disperse
shortly after reaching nutritional independence, young of cooperatively breeding species
may remain in the natal territory for prolonged periods of time post-fledging, often up to
and beyond the first year of life (Ekman et al., 2004). The presence of additional group
members may minimize the likelihood of a young bird experiencing food deprivation or
being taken by a predator, events that could influence baseline and stress-induced
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corticosterone levels (Clinchy et al., 2004; Kitaysky et al., 1999). As a consequence, full
development of the stress response in post-fledgling young may be unnecessary and,
therefore, might be selected against to avoid potential adverse physiological effects.
We investigated several hypotheses concerning the ontogeny of stress
responsiveness in the Florida scrub-jay (Aphelocoma coerulescens), a cooperatively
breeding species in which young remain in the natal territory for at least the first year of
life and often stay for additional years as non-breeding ―helpers.‖ First, we tested the
hypothesis that 11-day old nestlings possess the ability to respond to a standardized
stressor via elevation of circulating CORT. Nestlings at this age have open eyes and are
in variable states of feather growth. Based on the stage of development achieved by this
age, we predicted that nestlings would display a stress response, even if this response was
not of the magnitude seen in adults. We also examined the related hypothesis that the
degree of CORT secretion in response to a stressor varies as a function of age.
Accordingly, we compared the magnitude of the stress response in nestlings, nutritionally
independent young, and yearling jays. Because CORT levels and overall condition of an
animal are often correlated (Wingfield et al., 1997), we also investigated the relationship
between body condition and CORT secretion (baseline and stress-induced levels; e.g.,
Holberton, 1999; Kitaysky et al. 1999; Marra and Holberton 1998; Perfito et al., 2002;
Piersma and Ramenofsky, 1998; Schoech et al., 1997; Wingfield et al., 1994).

Methods
We conducted the study at Archbold Biological Station, located in south central
Florida (Highlands Co., 27°10‘N, 81°21‘W). Florida scrub-jays are non-migratory
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passerines restricted to the xeric oak scrub habitat of peninsular Florida. Breeding pairs
and associated non-breeding ―helpers‖ defend territories year-round. The breeding season
typically extends from late February through late May of each year and breeding pairs
will often re-nest after nest failure. All nests within our study tract are found and
monitored from nest construction through hatching and eventual fledging of young. Mean
clutch size is 3 eggs which breeding females, the sole incubators of a clutch, incubate for
18 days on average. Similarly, nestlings leave the nest at approximately 18 days posthatch. After fledging, young jays depend on breeders and non-breeding helpers for food
and protection until reaching nutritional independence, usually at about 65 days posthatch (Woolfenden and Fitzpatrick 1984). All adult jays within the study tract possess a
unique combination of one aluminum US Fish and Wildlife Service leg band and two to
three plastic color bands. Nestlings were partially banded (one color band and a Fish and
Wildlife Service band) and weighed with a Pesola ® spring scale on day 11 post-hatch
after blood sampling (see below). Those individuals that survived to reach nutritional
independence received the rest of their color bands upon capture for stress series (see
below).

Blood Sampling
Stress responsiveness was investigated in scrub-jays from three age groups:
nestlings (11 days post-hatch), independent young (~65 days post-hatch), and yearlings
(~12 months post-hatch).
All nests were found and monitored through the incubation and hatching stages,
enabling accurate determination of the day of hatching and age of all nestlings. Blood
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samples were collected from nestlings on day 11 post-hatch between ~0830 and 1430
hours (between 1000 and 1400 hours in 2007 and 2008, a time of day when aerial
predators are relatively inactive; MAR, pers. obs.). Nestlings at this age have open eyes
and exhibit varying states of feather growth. Based largely upon the size of nestlings and
the age of fledging, day 11 post-hatch is the historical day on which Florida scrub-jay
nestlings in this population are banded and measured; therefore, we chose to take blood
samples from nestlings on this day to reduce the amount of human disturbance at the nest.
Because jay nestlings are quite small (20-50 g on day 11 post-hatch), it was not feasible
to conduct a standard stress series on each individual. Instead, in 2004 all nestlings were
removed from the nest at once and placed within a hat. Individual nestlings were bled one
time only at times ranging from 5 minutes to ~50 minutes post-removal from the nest.
The increase in CORT levels with time post-removal was considered to represent a
―population-level stress response.‖ Although this sampling method yielded blood samples
from a variety of times post-removal from the nest, no samples were taken in under 5
minutes, which is problematic as the acute stress response usually manifests itself in an
elevation of CORT within 2-3 minutes (Romero and Reed, 2005). To better understand
the nature of the stress response in nestlings and to obtain ‗true‘ baseline CORT values,
we used data from 2007 and 2008 for which nestlings were bled within 2 minutes of
removal from the nest. These individuals were part of a larger study in which nestlings
were removed one-at-a-time from the nest to minimize the stress response (Fridinger et
al., 2007; Rensel et al. in prep). For the current study, we only consider those individuals
in 2007 and 2008 that were exposed to researcher presence for less than 3 minutes (i. e.,
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the first bled individuals from a brood). In all cases, approximately 75-200 µl of blood
was taken from the brachial vein after puncture with a 27 gauge needle.
To measure stress responsiveness in independent young and yearlings, we used a
standard capture and handling protocol known to elicit an acute elevation in circulating
CORT (e.g., Wingfield et al., 1992). Jays were trained to enter potter traps baited with
peanuts and all were caught between the hours of 0700 and 1100 hours to control for
daily CORT fluctuations. Each jay was removed from the trap and bled within 2 minutes
of capture to obtain a baseline CORT sample (hereafter referred to as 0 min; Romero and
Reed, 2005). Between baseline sampling and the 5 min sample, head plus bill length,
head breadth, and tarsus length were measured with calipers (to 0.1mm). Subsequent
blood samples were taken at 5, 15, and 30 minutes (samples taken at ±1min for each time
point were included in the analyses). Previous work with this species has shown that
adult CORT levels peak and begin to level off by approximately 30 minutes post-capture
(see Schoech et al., 1997). After collection of the 5 minute blood sample, the jay was
placed in an opaque cloth bag between subsequent sampling intervals. To obtain each
blood sample, the brachial vein was punctured with a 25 gauge needle and ~70-150 µl of
blood was collected in heparinized microhematocrit tubes. All tubes were kept on ice and
immediately centrifuged upon return to the laboratory (within ~2-4 hours post-sampling).
The plasma portion was then saved and frozen until shipped to our laboratory at the
University of Memphis for radioimmunoassay.

13

Radioimmunoassay
We used a direct radioimmunoassay to determine CORT levels based on the
methods of Schoech et al. (1991). Briefly, 5-40 μl of plasma, with a mean volume of 23
µl, was removed from each sample and brought to a final volume of 200 μl with dH 2O.
Approximately 2,000 cpm of tritiated CORT was added to each sample to allow
calculation of recovery values following extraction. Following a minimum of 12hrs of
equilibration of samples, diethyl ether was added and tubes were vortexed, thereby
separating the steroid-containing organic phase from the aqueous water phase. The lower
aqueous phase was snap-frozen in a dry ice and acetone mixture and the CORTcontaining ether phase was decanted and then evaporated under nitrogen gas. Samples
were subsequently re-suspended in PBSG buffer. After a minimum of 12hrs, 100 μl
tritiated CORT (Perkin Elmer) and 100 μl corticosterone anti-serum (Esoterix) were
added to all samples. A standard curve consisting of known amounts of labeled
corticosterone, anti-serum, and un-labeled standard corticosterone was run at the
beginning of the assay. Four to six standards were interspersed throughout each assay to
control for variation due to time and temperature. Dextran-coated charcoal was added
and, after 12 min, samples were spun at 2000 rpm for 10 min at a temperature of 4°C.
The supernatant was decanted into scintillation vials, after which 4 ml of scintillation
fluid (Ultima Gold) was added and samples were placed on the scintillation counter.
Duplicate samples were run in six separate assays (one in 2004, three in 2007, and two in
2008) with an average recovery of 75.7% (intra-assay CVs based on standards: 9.317.6%; inter-assay CV = 24.8%). Reported corticosterone values were corrected based on
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the percent recovery of each sample. The limit of delectability based upon the standard
curve (2000 – 7.8 pg) was 8 pg/assay tube.

Statistical Methods
All statistical analyses were performed using SPSS 17.0 for Windows (SPSS
Statistics, 2009). Repeated measures ANOVA was used to analyze stress series data from
independent young and yearlings. Age-class and sex were originally included in this
analysis, although sex was removed for the final analysis because it showed no
relationship with stress responsiveness. The assumption of sphericity was not met for this
analysis, so all within-subjects effects were analyzed using a Greenhouse-Geisser
correction (see Stevens, 2002). One-way ANOVA was used to examine differences in
CORT by age-class at each sampling point.
Because the nestling samples were not representative of repeated-sampling from
each individual, we used a univariate general linear model (GLM) to investigate the
relationship between CORT and time of sampling post-removal from the nest. Nestling
samples taken at 0-2, 4-6, 14-16, and 29-31 min (hereafter referred to as 0, 5, 15, and 30
min) post-removal from the nest were selected for the analysis to facilitate comparison
with stress series data. Because the time of day of nestling sampling spanned a large
portion of the morning and afternoon hours, we first ran the GLM with nest visit time of
day included as a covariate. Nestling sampling time post-removal (0, 5, 13, or 30 min)
did not interact with nest visit time to influence log CORT levels (F3,73 = 2.05; P =
0.114). After removal of the non-significant interaction term, there was no effect of nest
visit time on nestling CORT (F1,76 = 0.38; P = 0.541). To compare nestling to
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independent young and yearling CORT values within each sampling time, one-way
ANOVAs were conducted at each time point (0, 5, 15, or 30 min), using Fisher‘s PLSD
post-hoc tests to assess pair-wise differences. Sampling time of day was included in each
ANOVA as a covariate because of the differences in sampling times between nestlings
and older jays; if non-significant, the covariate was removed from the final model.
To investigate the relationship between condition and CORT in nestlings, we used
linear regression to compare nestling mass in grams with CORT values at 0 min (baseline
CORT), as well as with CORT at 15 min (maximum stress-induced CORT). Because the
linear size measures of nestlings are undergoing rapid change across the developmental
period, we consider mass alone to be the most reliable indicator of condition in nestlings.
However, to assess condition in those older individuals for which linear size measures
have stabilized and to correct for differences in size, we used a principal components
analysis to combine head-plus-bill length and tarsus length into one measure. The
residuals of a regression between PC1 and body mass were then used as a body condition
index for independent young and yearlings (Green, 2001). We used ANCOVA with ageclass as a factor and condition index as a covariate to examine the relationship between
body condition and baseline (0 min) and stress-induced (30 min) CORT levels.

Results
Overall, 154 nestlings were sampled for blood at time-points ranging from 1 to 50
min post-removal from the nest; a quadratic curve best described how CORT levels
changed with time (F2,152 = 78.50; P < 0.0001; adjusted r2 = 0.50; Fig.1).
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Fig. 1. Nestling corticosterone levels as a function of time post-removal from the nest (n
= 154 nestlings).

Of these 154 samples, we used only those samples taken at 0-2 (n=53), 4-6 (n=7),
14-16 (n=16), and 29-31(n=5) min post-removal from the nest to enable analysis and
comparison with adult stress series. Nestling CORT values were log transformed prior to
analysis to normalize their distribution. CORT levels increased markedly with sampling
time post-removal from the nest (F3,77 = 49.86; adjusted r2 = 0.65; P < 0.0001; Fig. 2). A
polynomial contrasts test revealed that there was a significant quadratic relationship
between CORT and sampling time post-removal (P < 0.001), the same result produced
when nestling samples from all time points were examined (Fig. 1). Stress-induced
CORT levels at all time points were higher than baseline levels (5 min: P < 0.001; 15
min: P < 0.001; and 30 min: P = 0.003). CORT levels differed significantly between 5
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and 30 min and between 15 and 30 min (P < 0.004 for both comparisons) but were
similar between 5 and 15 min (P = 0.299; Fig. 2). Finally, nestling CORT levels at 0 min
(baseline) and 15 min (max) were not related to nestling mass (Baseline: F1,51 = 1.69; r =
0.18; P = 0.199; 15 min: F1,14 = 0.201; r = 0.12; P = 0.661. Note: differences in degrees
of freedom are a result of different numbers of nestlings sampled at 0 and 15 min).
CORT levels in independent young and yearlings increased significantly with
sampling time post-capture (F2.19,37.21 = 176.21; P < 0.0001). There was also a significant
interaction between time of sampling and age-class (F2.19,37.21 = 4.05; P = 0.023) that is
readily explainable by the divergence in profiles (see Fig. 2). Baseline CORT (0 min) and
early stress-induced CORT (5 and 15 min) were similar between the two age-classes
(One-way ANOVA, 0 min: F1,17 = 1.56; P = 0.228; 5 min: F1,17 = 0.33; P = 0.573; 15
min: F1,17 = 2.94; P = 0.105). Whereas, at thirty minutes post-capture, yearlings‘ CORT
levels were significantly higher than those of independent young (F1,17 = 6.90; P = 0.018;
Fig. 2).
Baseline CORT levels did not vary with body condition index in independent
young and yearlings (body condition index: F1,16 = 0.23; P = 0.638; age-class: F1,16 =
0.77; P = 0.392; age-class*body condition index: F1,15 = 0.16; P = 0.695;). Similarly,
body condition of these individuals was not related to stress-induced CORT (body
condition: F1,16 = 0.004; P = 0.948; age-class: F1,16 = 5.34, P = 0.035; age-class*body
condition index: F1,15 = 1.37; P = 0.260).
With the addition of nestling samples there was, as above with independent young
and yearlings, no difference among age-classes in baseline or 5 min post-capture CORT
levels (age-class: F2,69= 0.84; P = 0.435 and F2,23 = 0.05; P = 0.948, respectively;
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sampling time of day: P > 0.40 in both cases). At 15 min post-capture, CORT levels
differed by sampling time of day (F1,31 = 7.22; p = 0.011), with lower levels later in the
day. In the presence of this covariate, there was no effect of age-class (F2,31 = 1.63; P =
0.213). Finally, at 30 min post-capture, CORT was significantly different among all ageclasses (F2,21 = 19.63; P < 0.0001; sampling time of day: P = 0.606), with CORT
significantly higher in yearlings than in independent young (P = 0.022), higher in
yearlings than in nestlings (P < 0.001), and higher in independent young than in nestlings
(P < 0.001; Fig. 2).

Fig. 2. Corticosterone levels of nestling, independent, and yearling Florida scrub-jays
over a thirty minute period (nestlings: dark circles; independent young (n = 10): light
triangles; yearlings (n = 9): dark triangles). Asterisks represent significance at P < 0.05.
Symbols represent means and error bars are SEM.
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Discussion
Eleven-day old nestling Florida scrub-jays possess a functional HPA axis that
allows them to up-regulate CORT secretion in response to the perception of a stressor.
Although we were unable to sample each individual nestling more than once, samples
taken from different individuals at varying times after removal from the nest show a clear
response to handling stress that peaks between 15 and 30 minutes (Figs. 1 and 2).
However, not all FSJ nestlings responded to the stress of removal from the nest with an
elevation of CORT (Fig. 1). There are three possibilities to explain this finding: 1) some
nestlings may have had an immediate CORT response to the stress of removal from the
nest but were not subsequently stressed by placement in a hat with their siblings, thereby
allowing their CORT levels to return to near baseline levels prior to sampling; 2) removal
from the nest and placement in a hat may not have been perceived as ―stressful‖ to some
nestlings (whereas the standard capture and handling procedure used with yearlings and
independent young is known to elicit a stress response; Schoech et al., 1997; 2007); and
3) some nestlings may be physically incapable of mounting a glucocorticoid stress
response. Although on the whole, nestlings were capable of secreting CORT in response
to a stressor, the magnitude of their response was dampened when compared to
independent young and yearlings (Fig. 2). Although baseline CORT did not differ across
age-classes, stress-induced CORT was highest in yearlings (with absolute levels similar
to those of adults; see Schoech et al., 2007), intermediate in independent young, and
lowest in nestlings, results that support the developmental hypothesis. We cannot rule out
the possibility, however, that the lower stress-induced CORT levels seen in nestlings in
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our study occurred as a result of the nestlings receiving a treatment that may not have
been as stressful as the capture and handling procedure used in older individuals.
Sims and Holberton (2000) found that nestling northern mockingbirds displayed a
dampened CORT response to capture and handling compared to adults and independent
young, and independent young in this species exhibited levels of stress-induced CORT
that were comparable to those of adults. To our knowledge, this is the first study of an
altricial or semi-altricial species to show that individuals at the age of nutritional
independence display a stress response that is distinguishable from that of adults. Such a
result may be due in part to the nature of the Florida Scrub-jay‘s breeding system. Unlike
young of most other passerines, young of this cooperatively breeding species usually
remain in the natal territory for at least one year and often longer as non-breeding
―helpers.‖ By remaining in their home territories, often in the presence of multiple group
members, young Florida Scrub-jays receive food and protection from predators. Indeed,
several studies on Florida Scrub-jays have noted increased post-fledging survival in
territories with non-breeders (some territories only possess a breeding pair), an effect that
appears to be the result of increased vigilance and predator detection (McGowan and
Woolfenden, 1990; Mumme, 1992; Woolfenden, 1978). It is known that predation
pressure influences stress physiology, at least in one species (song sparrows, Melospiza
melodia; Clinchy et al., 2004). Given the potentially harmful effects of a large or
prolonged stress response and the lower necessity of such a response in young of this
species, a dampened response in nutritionally independent young may be beneficial.
In addition to the lower-magnitude stress response seen in nestlings, the timecourse of the nestling stress response appears to differ from those of independent young
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and yearlings (Fig. 2). Previous studies with this species have shown that maximal CORT
levels are reached at approximately 30 minutes post-capture (Schoech et al., 1997), and
our data from yearlings and independent young support this observation. Nestlings,
however, appear to show peak CORT secretion between 15 and 30 minutes, with levels
falling towards baseline by 30 minutes after removal from the nest. This result appears to
support the predictions of the developmental hypothesis. In addition to dampened CORT
secretion, one would expect to see a shorter duration of the stress response in altricial
young, limiting exposure of the brain and other developing systems to the potentially
deleterious effects of CORT.
Very young nestlings of some altricial species exhibit a period of very low stress
reactivity similar to that seen in some mammalian species (Blas et al., 2006; Sims and
Holberton, 2001; Wada et al., 2007). During this time period, typically in the first few
days post-hatch or post-parturition, animals show limited or no increase in CORT
secretion in response to handling stress. It is unclear whether such a period exists in the
first few days post-hatching in the Florida scrub-jay, as we did not sample individuals at
very young ages. Several studies have used an ACTH challenge to investigate the level at
which stress responsiveness is regulated in nestlings; these studies indicate that even
though nestlings may not respond to handling stress with a large rise in circulating CORT
levels, the adrenals are capable of up-regulating CORT secretion in response to an ACTH
signal (Sims and Holberton, 2001; Wada et al., 2007; Walker et al., 2005). Such studies
provide further support for the hypothesis that the dampened stress response of young
birds is an adaptive mechanism to avoid adverse effects of CORT exposure. While
ACTH challenge was not used in our study, it is of interest to note that several nestlings

22

exhibited stress-induced CORT levels of between 40 and 70 ng/ml, which are in the
range typically found in adults (Fig. 1). In addition, baseline and early stress-induced (5
min) CORT levels did not differ between nestlings and older jays, indicating that the
adrenals are functional, though perhaps not yet fully capable of a sustained response.
While not definitive, these results indicate that the HPA axes of some nestlings are
capable of secreting CORT to the degree seen in adults, even if the majority of nestlings
do not do so.
Baseline corticosterone levels are frequently correlated with body condition.
Indeed, alterations in baseline CORT levels of young birds in poor condition due to food
restriction have been observed in several species. For example, red-legged kittiwakes
(Rissa brevirostris; Kitaysky et al., 2001) and blue-footed boobies (Sula nebouxii;
Nunez-de la Mora et al., 1996) elevate CORT in response to food restriction (although
the opposite trend is seen in tufted puffins, Fratercula cirrhata; Kitaysky et al., 2005).
Interestingly, there were no relationships between condition and CORT titers in canaries,
Serinus canaria (Schwalb, 1999) or northern mockingbirds (Sims and Holberton, 2000),
although food availability was not manipulated in these studies. Similar to the last two
studies, we found no correlation between CORT titers and body condition in nestlings,
independent young, or yearlings. Recent research has suggested that corticosteroid
binding globulins (CBG) may play an important role in regulating the amount of CORT
(―free‖ vs. ―total‖) that is available to bind to cellular receptors (the Free Hormone
Hypothesis; Mendel, 1989). We were only able to measure total CORT levels in this
study; however, it is possible that individuals in poor nutritional condition could have
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reduced concentrations of corticosteroid binding globulins (CBG), which would increase
free CORT in circulation but not influence total CORT levels (Lynn et al., 2003).

Conclusions
We have presented evidence from an altricial species, the Florida scrub-jay,
which offers some support for the developmental hypothesis of HPA axis activity.
Individuals in all three age-classes (day 11 post-hatch nestling, independent young, and
yearling) displayed the ability to respond to a stressor with an increase in circulating
CORT, although the magnitude of this response and its time course differed between ageclasses. The fact that nestlings showed the shortest and smallest stress response provides
support for the hypothesis that young birds respond to stressful situations with dampened
CORT responses as a means of protection from the potentially harmful effects of CORT
on growth and development. It is intriguing that independent young displayed
significantly lower stress-induced CORT than yearlings. As most independent young
have not yet reached full adult body size at this age and are still under the protection of
family members, a dampened response in this situation could be an adaptive mechanism
to reduce the harmful effects of CORT even at an age in which young birds are becoming
nutritionally independent.
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CHAPTER 3: CORTICOSTERONE, BROOD SIZE, AND HATCH ORDER IN FREELIVING FLORIDA SCRUB-JAY (APHELOCOMA COERULESCENS) NESTLINGS

Abstract
It is well known that variation in developmental conditions can have profound
effects upon lifetime fitness. In altricial avian species, nestlings undergo a substantial
portion of development in the nest after hatching, often in the presence of nest-mates.
This can result in the formation of brood hierarchies based on age, size, and competitive
ability. Measurement of baseline corticosterone (CORT) levels in developing birds may
provide a means to assess whether individuals within a brood experience stress due to
sibling competition or nutritional state. However, few studies have attempted to correlate
corticosterone concentrations with brood hierarchies in free-living, developing birds. We
investigated the degree to which corticosterone levels in nestling Florida scrub-jays
(Aphelocoma coerulescens) were predicted by brood size, hatching order, and body mass.
Nestling corticosterone levels were inversely correlated with body mass but did not differ
among brood sizes or by hatch order. However, within broods of two, second-hatched
nestlings had lower CORT than first-hatched nestlings. The results of this study suggest
that conditions within the nest, particularly those associated with within-brood
hierarchies, are manifested through differential body condition and nestling
corticosterone secretion. The consequences of this variation in nestling corticosterone are
unknown, but development of the adult phenotype, as well as life-long survival, may be
impacted.
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Introduction
Animals possess a number of physiological and behavioral systems that interact to
enable an individual to cope with a wide range of environmental conditions. Activation of
one such system, the hypothalamic-pituitary-adrenal (HPA) axis, results in the production
and secretion of glucocorticoids (also known as stress hormones; primarily corticosterone
in birds and cortisol in mammals) which in turn lead to a cascade of internal events that
aid in the maintenance of homeostasis and facilitate survival (Wingfield, 2005).
Corticosterone levels are classified as either baseline or stress-induced, according to the
severity or duration of the stimuli that induce release and the receptors bound (Sapolsky
et al., 2000; Romero, 2004). Baseline corticosterone (CORT) is important for a number
of physiological processes and acts in a primarily permissive manner. In response to the
perception of a stressor, CORT production and secretion are up-regulated by the HPA
axis, a phenomenon known as the stress response (stress-induced CORT; Sapolsky et al.,
2000; Romero, 2004) . Unlike baseline CORT, stress-induced CORT typically involves
direct suppression or enhancement of physiological and behavioral systems. There are
numerous effects of elevated CORT, including increased gluconeogenesis, suppression of
the immune and reproductive systems, heightened memory acquisition, and facilitation of
escape behaviors (reviewed in Wingfield et al., 1998). Such CORT elevations are thought
to be adaptive as they direct energy towards survival and away from non-vital activities
(Breuner et al., 2008). Under chronically stressful conditions, however, elevated CORT
can lead to muscle wasting, cognitive impairments, disease, and ultimately death
(reviewed in Romero and Butler, 2007).
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Altricial avian species present a unique opportunity to investigate the relationship
between developmental conditions and CORT secretion, as hatchlings are without
feathers, blind, and unable to fully thermoregulate (Starck and Ricklefs, 1998). As a
consequence, a substantial portion of development in altricial species occurs after
hatching and this leaves open the possibility for variation in the nest environment to
influence development, possibly through CORT secretion. While many studies have
experimentally manipulated nestling CORT levels or environmental conditions in the
laboratory and field (e. g., field: Saino et al., 2003; Gil et al., 2008; lab: Kitaysky et al.,
2003; Pravosudov and Kitaysky, 2006), few have sought to uncover the sources of
natural variation in nestling CORT levels in the wild. To date, such correlative field
studies have investigated nestling CORT levels in relation to hatching order (Sockman
and Schwabl, 2001; Brewer et al., 2010), brood size (Blas et al., 2005; Eraud et al., 2008;
Brewer et al., 2010), age (Sims and Holberton, 2000; Sockman and Schwabl, 2001; Blas
et al., 2006; Rensel et al., 2010a), sex (Sockman and Schwabl, 2001), body condition
(Quillfeldt et al., 2007), anthropogenic disturbance (Suorsa et al., 2003; Müllner et al.,
2004; Walker et al., 2005), and weather (Lobato et al., 2008). An understanding of the
determinants of nestling CORT levels within the natural environment is critical to
uncovering the ways in which CORT secretion is regulated, as well as the consequences
of variation in CORT levels upon the development of phenotypic variance which may in
turn affect survival, recruitment, and breeding success.
We investigated the relationships between nestling baseline CORT levels, body
condition, brood size, and hatch order while controlling for sex and year of sampling in a
population of free-living Florida scrub-jays (Aphelocoma coerulescens). We predicted
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that nestling CORT levels would be elevated in 1) larger broods, 2) later-hatched
nestlings, and 3) nestlings in poor body condition. Our previous work has shown that on
day 11 post-hatching (the age at which nestlings are banded given that the risk of
premature fledging is minimal), most nestlings have both detectable CORT levels and the
ability to respond to a standard stressor with the up-regulation of CORT secretion (Rensel
et al., 2010a). Further, we have found that nestling baseline CORT levels are positively
related to the amount of time female breeders spend far from the nest (Rensel et al.,
2010b).

Methods
Study site
This study took place during the breeding seasons of 2007-2008 at Archbold
Biological Station near Venus, FL, USA (27° 10‘N, 81° 2l‘W). The population of jays
residing within the southern portion of the station has been intensively monitored for
approximately 20 years (e. g., Schoech et al., 1997). Individual banding and behavioral
observations allow for determination of sex and status (breeder or non-breeding helper)
and the complete history of virtually every jay within the study tract is known. Florida
scrub-jays breed between early March and mid-June, with substantial inter-annual
variation in the timing of the onset and termination of reproduction (Schoech et al.,
2009). Mean clutch size is 3 eggs (range 1-5 eggs) and both the incubation and nestling
periods average 18 days (Woolfenden and Fitzpatrick, 1984). Upon fledging, young are
dependent on their parents and non-breeders within the territory for food and protection
until the age of ~ 60-70 days post-hatch (McGowan and Woolfenden, 1990; Mumme,
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1992). As a part of on-going research with this population, all nests within the study tract
were found and monitored from the building stage through egg-laying and brood-rearing
(see details below).

Nestling monitoring
Nests were checked two to four times per day to determine hatch order. When a
nestling hatched, one toenail was painted with nail polish to allow for future
identification of individuals within the nest. On day five post-hatch, each nestling was
weighed and re-marked. In some instances, hatch order could not be precisely
determined because two or more nestlings hatched between nest checks. Of the twentysix nests in which day 0 hatch order was known, including nests that experienced later
brood reduction or failure, hatch order on day 0 reflected order on day 5 (based on mass)
in 88% of cases. Therefore, in cases where more than one individual had hatched between
checks on day 0 (occurred at 29 of the 49 nests used in this study), we assigned order
based on the day 5 order. We also briefly visited each nest on days 3 and 8 post-hatch to
re-apply nail polish for identification.

Nestling blood sampling
On day 11 post-hatch, we took a sample of ~60-200 µl of whole blood from each
nestling for assessment of baseline corticosterone levels and sex determination. Blood
samples were obtained from a total of 143 nestlings from 49 nests (17 in 2007 and 32 in
2008) and 40 mothers (some females bred in both years). There were 11 broods of two,
24 broods of three, and 14 broods of four. Nestlings from three broods that only hatched
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one nestling and nine broods that experienced brood reduction were excluded from our
analyses, allowing us to examine interactions between hatch order and brood size, as well
as to avoid potential confounding effects of brood reduction on nestling CORT levels.
Blood sampling took place between 1000 and 1400h EST (times of low predator activity)
to control for circadian variation in hormone titers. To obtain blood samples, we removed
nestlings one-at-a-time from the nest and took a small sample from the brachial vein
using a 27 gauge needle for venipuncture and heparanized microhematocrit tubes for
collection. Occasionally, when a second field worker was assisting, two nestlings were
removed at once and bled simultaneously. The time of blood sampling with respect to
removal from the nest was noted for all nestlings as CORT levels may rise within a few
minutes of disturbance (Romero and Reed, 2005). A regression analysis of time versus
log transformed CORT for the first-sampled nestlings from all nests (range = 36 to 240
sec with mean time of 77 ± 4.3 sec) shows that CORT levels did not increase up to 4
minutes post-removal from the nest (F1,54 = 2.57; P = 0.115). Therefore all nestling
samples taken within 4 minutes were included in the analyses (mean sampling time for all
nestling = 82 ± 2.7 sec post-removal from the nest). Because the removal of the initial
nestling for sampling might have induced a stress response in the remaining nestlings
(Fridinger et al., 2007; Rensel et al., 2010b), we also recorded the elapsed time between
the initial nest disturbance and sampling for each subsequent nestling. After collection of
a blood sample from an individual, we measured the lengths of the head-plus-bill,
seventh primary feather, and tarsus with calipers (± 0.1 mm), and body mass with a
spring scale (± 0.1 g). Each nestling was then banded with a USGS aluminum band and
one color band for future identification. Blood samples were kept on ice for ~1-4 hours
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until centrifugation in the laboratory at 12000 rpm for 5 minutes. The plasma portion was
then frozen and stored at -20 ° C until radioimmunoassay.

Radioimmunoassay
Nestling CORT levels were determined using a direct radioimmunoassay (RIA).
Briefly, plasma samples of from 5 to 38 µl (mean = 24 µl plasma) were extracted using
diethyl ether and dried under nitrogen gas. The dehydrated hormone was then
reconstituted in phosphate buffered saline with gelatin and partitioned into duplicated
assay tubes. A standard curve was generated using known concentrations of CORT
standard (Sigma Aldrich), tritiated label (Perkin Elmer, Inc.), and antisera (Esoterix,
Inc.). Four to eight CORT standards were run amongst unknown samples and used to
assess variation within and among assays. Samples for this project were run in three
RIAs: two in 2007 (intra-assay CVs 12.3% and 16.5%) and one in 2008 (intra-assay CV
10.2%). The inter-assay CV was 33.7%, although the cause of this high variation
appeared to come from higher standard CORT values in the 2008 assay than in the 2007
assays (inter-assay CV for 2007 assays = 18.1%). Because the intra-assay CVs are
acceptable (if not ideal), year of sampling was controlled for statistically (see below), and
samples were randomly assigned within an assay, we pooled all samples in the final
analyses. The lowest standard included in the standard curve was 7.8 pg per assay tube.
Corticosterone levels were corrected for individual sample volume and percent recovery.
Recoveries were determined by adding approximately 2,000 CPM of radiolabeled CORT
to samples prior to extraction; mean recovery value was 77%.
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Statistical analyses
We investigated the relationship between brood size, hatch order, body mass, and
nestling CORT levels using a linear mixed model (LMM) after log transforming (+1 to
avoid negative values) nestling CORT levels to meet the assumption of normality. We
included nest of origin nested within female identity as a random factor. Three outlier
CORT values were excluded from the analyses (greater than 2 standard deviations from
the mean). The initial model included the following fixed effects: brood size, hatch order,
sex, pre-breeding treatment, year, and mass. Sex was genetically determined from red
blood cell DNA (see Fridolfsson and Ellegren, 1999). Pre-breeding treatment refers to a
separate experiment in which 16 of the 49 territories in the study received supplemental
food during the pre-breeding period (see Schoech et al., 2004; Schoech et al., 2008). We
chose to use mass instead of a body condition index because mass is a good predictor of
survival to fledging in this species (Mumme, 1992; Rensel, unpublished data) and is a
better predictor of total body fat than a condition index in adult jays (Schoech,
unpublished data). The initial LMM included elapsed time of sampling as a covariate, the
interaction between elapsed time and brood size (as any effect of our sampling procedure
would be assumed to be more pronounced in larger broods that took more time to
process), and all of the above-mentioned fixed effects, as well as all two-way betweeneffect interactions (see Table 1). Non-significant interaction terms and fixed effects (P >
0.05) were removed in a backwards iterative fashion. Significant interactions were
analyzed by conducting LLMs with CORT as the dependent variable and the variable of
interest as the independent variable (with elapsed time included as a covariate where
appropriate). Post-hoc tests with a Bonferroni adjustment were conducted when
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significant main-effects were found. Based on the results of our model investigating
CORT, we used linear mixed models to examine two questions a posteriori: 1) whether
brood size hierarchies were established according to hatch order and 2) whether nestling
mass differed according to pre-breeding treatment (i. e., food supplemented or not).
Nestling mass on day 11 post-hatch was the dependent variable in each of these analyses.
Figures with brood size and hatch order present the adjusted marginal means derived
from the LMM; however, Table 2 provides raw, unadjusted means for brood size and
hatch order. In all cases, means are presented ± 1 standard error. Statistics were run using
PASW 18.0 for Windows (PASW Statistics, 2009).

Table 2 Overall nestling corticosterone levels (ng/ml) according to brood size and hatch
order (n = 143 nestlings). Sample sizes are included in parentheses.
Brood Size

Mean ± S.E. (n)

Hatch Order

Mean ± S.E. (n)

2

2.31 ± 0.86 (22)

1

2.64 ± 0.47 (47)

3

3.30 ± 0.41 (68)

2

2.70 ± 0.44 (48)

4

3.25 ± 0.40 (53)

3

4.13 ± 0.57 (35)

4

3.79 ± 1.06 (13)

Results
Nestling CORT levels did not vary with brood size, but tended to increase with
hatch order (P = 0.07; Table 1). In addition, there was a significant interaction between
these two measures (Table 1). Second-hatched nestlings in broods of two had lower
CORT levels than first-hatched nestlings (F1,10 = 9.19; P = 0.013; Fig. 1).
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Fig. 1. Nestling corticosterone levels as a function of hatch order and brood size. CORT
values are the adjusted means derived from the linear mixed model. Sample sizes are
given above the error bars that represent ± SEM. Asterisks represent statistical
significance at the α = 0.05 level.

However, within broods of three and four nestlings, there were no relationships
between CORT and hatch order (F2,43.8 = 1.27; P = 0.292 and F3,49 = 1.22; P = 0.314,
respectively; Fig. 1). Size hierarchies based on nestling mass on day 11 post-hatch
existed in all brood sizes, with lower body masses in later-hatched individuals (brood
size*hatch order: F3,87.1 = 1.33; P = 0.272; brood size: F2,47.2 = 0.56; P = 0.574; hatch
order: F3,92.8 = 41.19; P < 0.0001; all pairwise comparisons P < 0.003; Fig. 2).
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Fig. 2. Nestling mass on day 11 post-hatch as a function of hatch order. All brood sizes
are pooled because there was no effect of brood size and no interaction between brood
size and hatch order on nestling mass. Values are the adjusted means from the linear
mixed model. Sample sizes are given above the error bars that represent ± SEM. All
pairwise comparisons are statistically significant (P < 0.003 in all cases).

Nestling CORT levels were significantly higher in 2008 than in 2007 (2008 mean
= 3.51 ± 0.35 ng/ml; 2007 mean = 2.28 ± 0.38 ng/ml; Table 1). Nestling CORT levels
were also partially explained by a significant interaction between nestling sex and hatch
order (Fig. 3): in females, hatch order was significant (F3,34.8 = 3.44; P = 0.027). First
hatched females had significantly lower CORT concentrations than third-hatched females
(P = 0.036; all other comparisons P > 0.09). However, there was no effect of hatch order
on CORT in male nestlings (F3,57.9 = 0.48; P = 0.694). Even though supplementation of
adults within a given territory ceased upon clutch initiation, nestling CORT levels were
lower in territories that had been supplemented prior to breeding than in nonsupplemented territories (Table 1). The difference in CORT between nestlings in
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supplemented and non-supplemented territories was independent of nestling mass (F1,43.7
= 0.87; P = 0.356). Finally, there was an overall significant inverse relationship between
nestling CORT and mass (Table 1 and Fig. 4).

Fig. 3. Nestling CORT levels as a function of hatch order in males and females. CORT
values are adjusted means from the linear mixed model. Sample sizes are given above the
error bars that represent ± SEM. Asterisks represent statistical significance at the α = 0.05
level.
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Fig. 4. Day 11 nestling corticosterone as a function of mass. CORT values are the
predicted values based on the linear mixed model. The proportion of variance explained
from a linear regression of predicted corticosterone on mass is 0.l0.

Our sampling procedure induced a stress response in at least some nestlings
(significant main effect of elapsed time; Table 1). However, analysis of the significant
interaction between brood size and elapsed time showed that this effect was significant in
broods of three (F1,47.5 = 8.20; P = 0.006) but not in broods of two (F1,20 = 0.47; P =
0.499) or four (F1,51 = 0.62; P = 0.435).
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Table 1 Model summary from linear mixed model investigating the relationship between
intra-nest factors and nestling CORT levels (n = 143 nestlings from 49 nests and 40
mothers). F and P-values given in regular font are from immediately prior to their
removal from the model. Variables retained in the final model are in bold-face.
Random Factor:
Female Identity(Nest)

Wald Z
0.64

P
0.524

Fixed Factors:
Df
F
P
2,113.0
2.06
Brood Size
0.132
3,90.7
2.40
Hatch Order
0.073
1,40.2
8.07
Year
0.007
1,117.9
1.49
Sex
0.224
1,36.0
11.05
Treat
0.002
1,80.5
8.48
Mass
0.005
1,111.5
7.32
Elapsed time
0.008
3,82.1
5.88
Brood Size*Hatch Order
0.001
Brood Size*Year
2,44.2
0.13
0.877
Brood Size*Sex
2,116.2
1.89
0.155
Brood Size*Treat
2,45.8
1.16
0.323
Brood Size*Mass
2,70.8
1.05
0.354
2,98.2
4.07
Brood Size*Elapsed Time
0.020
Hatch Order*Year
3,79.3
0.41
0.745
3,119.1
4.21
Hatch Order*Sex
0.007
Hatch Order*Treat
3,90.3
2.21
0.092
Hatch Order*Mass
3,91.7
0.76
0.520
Year*Sex
1,100.8
0.54
0.466
Year*Treat
1,36.7
0.08
0.782
Year*Mass
1,100.6
1.00
0.319
Sex*Treat
1,104.0
0.04
0.840
Sex*Mass
1,106.0
0.44
0.510
Treat*Mass
1,62.2
0.01
0.927
The variable ‗Treat‘ refers to pre-breeding food supplementation treatment. Elapsed time
is the amount of time that passed between the initial nest disturbance and nestling blood
sampling.

Recent work has called into question the validity of iterative removal of variables
versus interpretation of significance within global models (Bolker et al., 2009).
Therefore, we note that within the original full model (prior to backwards removal), the
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following terms were statistically significant: elapsed time (F1,85.3 = 6.74; P = 0.011),
hatch order*brood size (F3,75.7 = 3.90; P = 0.012), hatch order*sex (F3,93.1 = 3.77; P =
0.013), and brood size*elapsed time (F2,75.1 = 4.63; P = 0.013).

Discussion
Our finding of a significant relationship between nestling baseline CORT levels
and hatch order in broods of two provides some support for the hypothesis that nestling
CORT levels differ in response to conditions within the nest. We assume that these
conditions include both among-sibling competition and differential access to food. The
latter may result from either within-brood competition or parental choice (i. e., a parent
preferentially feeds one nestling over another). However, whereas we have extensive data
from focal nest watches (see Rensel et al., 2010b), due in large part to the structure of the
nests we were unable to determine rates of provisioning to individual nestlings. As has
been shown for numerous species, competition for and unequal access to food can have
profound effects on nestling condition (e. g., Price and Ydenberg, 1995; Nilsson and
Gardmark, 2001). In nestling barn swallows, for example, brood enlargement led to
elevated CORT levels and depressed nestling immune function (Saino et al., 2003).
However, other studies that used similar methods found no such effect on CORT levels
(e. g., Gil et al., 2008; Lobato et al., 2008).
Few studies have examined nestling CORT levels as a function of natural
variation in brood size. Blas et al. (2005) found that singleton white stork (Ciconia
ciconia ciconia) chicks had higher CORT levels than chicks in broods of two and three,
although this effect was attributed to poorer quality parents at the singleton nests (note,
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the authors attributed single chick broods to brood reduction). Independent of brood
reduction (i. e., there was none), black-legged kittiwake (Rissa tridactyla) chicks in nests
of one and two did not differ in mean CORT levels (Brewer et al., 2010). In accord with
these studies, we found no effect of brood size on nestling CORT levels. It is probable
that variation in brood size is due to variation in parental quality and ability to meet the
needs of nestlings. Parents of large broods may be more efficient foragers or in better
body condition, and thus be able to meet the nutritional demands of their broods, while
poorer quality parents may produce fewer young and thus match their ability to number
of offspring (Lack, 1954; Drent and Daan, 1980; Dijkstra et al., 1990). Such a possibility
would need to be tested using a brood size manipulation.
Asynchronous hatching frequently produces pronounced within-brood size
hierarchies that result in different levels of begging by nest-mates (Glassey and Forbes,
2002). This may in turn affect parental feeding rates and allocation of delivered food to
individual nestlings within a brood (Lack, 1968). Schwabl (1999) proposed that
differences in size and development according to hatch order may be correlated with
variation in adrenocortical function. Nestling mass in our study declined with hatch order,
supporting the idea that developmental hierarchies exist within broods. We also found a
correlation between nestling mass and CORT levels, as well as a significant effect of
hatch order that varied according to brood size. However, the only effect of hatch order
was in broods of two, with second-hatched nestlings having lower CORT levels than
first-hatched individuals. Love et al. (2003) found a similar pattern within broods of four
in nestling American kestrels (Falco sparverius): first-hatched nestlings had consistently
higher baseline CORT levels than their nest-mates. The authors suggest that rather than
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the higher CORT levels being indicative of nutritional stress (as parents were fed ad
libitum for the duration of this captive study), the HPA axis of first-hatched nestlings was
more developed than later-hatched individuals. Corticosterone levels also decreased with
hatch order in canaries (Serinus canaria; Schwabl, 1999). Love‘s and Schwabl‘s results
suggest that first-hatched individuals have a more competent HPA axis, although both
American kestrels and canaries exhibit greater degrees of hatching asynchrony than
Florida scrub-jays, making it less likely that the HPA axis competency hypothesis
explains the observed pattern in jays. In addition, if the lower CORT concentrations in
second-hatched nestlings occurred as a result of differences in development, we would
have expected to see similar patterns in broods of three and four, which was not the case.
It is also possible that the depressed CORT levels in second-hatched nestlings
within broods of two were due to establishment of a dominance hierarchy within the
brood. In some cases, subordinate status has been associated with depressed
corticosterone (mammalian studies reviewed in Creel, 2001), although in blue-footed and
Nazca booby (Sula nebouxii and S. granti) nestlings, corticosterone is elevated in
subordinates (Nuñez de la Mora et al., 1996, Tarlow et al., 2001). Both of these species
are characterized by intense sibling aggression, however, frequently leading to siblicide
(Tarlow et al., 2001), while in Florida scrub-jays, overt aggression towards nest-mates
has not been detected during focal nest watches (although due to the structure of the nest,
it cannot be completely ruled out; T. Wilcoxen, pers. obs.). In addition, if aggression and
competition had been the cause of lower CORT in second-hatched nestlings in broods of
two in our study, why was this pattern not present within broods of three and four (which
are presumed to experience greater competition for resources)? Instead, while mass
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declined with hatch order in all brood sizes, hatch order was not related to CORT in
broods of three or four. Although speculative, it may be that within this study system,
establishment of true dominance by the first-hatched, heavier nestling can only occur
when there is but one competitor with which to interact (i. e., in broods of two). This
would lead to greater levels of aggression being directed toward the subordinate, in
contrast to aggression being spread between multiple nest-mates in larger broods. Such
intense aggression directed at second-hatched nestlings could effectively lead to HPA
axis exhaustion or downregulation of CORT secretion, thus resulting in the markedly
depressed CORT levels in second-hatched individuals in broods of two (e. g., Cyr et al.,
2007; Rich and Romero, 2007; reviewed in Cyr and Romero, 2009). Finally, one cannot
rule out the possible role of steroid hormones deposited in the egg when attempting to
explain variation in nestling CORT levels by hatch order (e.g., Schwabl, 1993; Sockman
and Schwabl, 2000; reviewed in Gil, 2003), although we have no data to address this
possibility.
When pooling nestling CORT levels across years, brood size, and hatch order,
there was also a significant negative relationship between CORT and nestling body mass.
This result concurs with those of other studies of adults and nestlings that have found an
inverse relationship between CORT levels and condition or mass (e. g., Marra and
Holberton, 1998; Sockman and Schwabl, 2001). These data are consistent with the
interpretation that individuals in poorer condition are nutritionally stressed. Clearly, the
dynamics of CORT secretion in developing Florida scrub-jays are dependent on a number
of factors that make interpretation of CORT levels a far from straightforward proposition.
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Finally, we found a difference in nestling CORT levels according to the prebreeding supplementation treatment their parents had received. Nestling CORT levels
were lower in territories that had been provided with high protein, high fat dog food
during the pre-breeding season, even though nestling mass did not differ between
treatment and control territories. This raises the question of how food supplementation
that occurred prior to egg laying could indirectly affect nestling physiology. Given that
Florida scrub-jay mothers that are food-supplemented prior to breeding spend more time
at the nest (Wilcoxen et al., in review) and nestlings whose mothers stay close to the nest
have lower baseline CORT levels (Rensel et al., 2010), these findings may reflect an
indirect effect of food supplementation on nestling physiology.
In summary, we have shown that a number of factors, including body mass and in
some cases, hatch order, are significantly related to CORT levels of Florida scrub-jay
nestlings. Given recent studies that suggest exposure to CORT during development can
have long-term effects (e. g., Kitaysky et al. 2003; Blas et al., 2007; Schoech et al. 2009),
we must consider that such intra- and inter-brood variation may profoundly influence
multiple aspects of the adult phenotype, as well as survival and reproduction (Lindström,
1999; Blas et al., 2007).
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CHAPTER 4: THE INFLUENCE OF NEST ATTENDANCE AND PROVISIONING
ON NESTLING STRESS PHYSIOLOGY IN THE FLORIDA SCRUB-JAY

Abstract
Stressful conditions during development may have lasting consequences for an
animal‘s lifetime fitness. We investigated the degree to which parental provisioning and
nest attendance influenced baseline levels of the stress hormone corticosterone in nestling
Florida scrub-jays. Provisioning rates of male and female breeders and nest attendance of
female breeders were recorded during focal watches conducted between days 3 and 5
post-hatch. A small blood sample was taken from each nestling on day 11 post-hatch and
used to quantify levels of baseline corticosterone. The proportion of time spent by female
breeders at a considerable distance from the nest was positively related to nestling
corticosterone levels. Nestling corticosterone was also negatively related to parental
provisioning rate, although this effect seemed to be secondary to the effect of the
female‘s time away from the nest. These results indicate that parental behavior
contributes to nestling stress physiology, which may in turn direct the formation of the
adult phenotype and influence an individual‘s chances of survival.

Introduction
To date, adults of all vertebrate species that have been studied release adrenal
glucocorticoids (primarily corticosterone in birds, amphibians, reptiles, and mammals,
and primarily cortisol in most mammals and fish) in response to a variety of
environmental stressors (Nelson, 2005). In response to a stressor, over the short-term,
elevated glucocorticoids promote physiological and behavioral responses that increase
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the likelihood of survival, although long-term elevations can have negative effects at
multiple levels (Sapolsky et al., 2000; Wingfield, 2005). A number of recent studies of
nestling birds have examined how variable environmental conditions affect stress
hormone levels (e.g., Blas et al., 2005, 2006; Kitaysky et al., 2003; Love et al., 2003;
Schwabl, 1999; Sims and Holberton, 2000; for review see Blas and Baos, 2008).
Given that nestlings across the altricial-precocial spectrum (Starck and Ricklefs,
1998) are expected to differ in their experience of the post-hatching environment, some
have suggested that these different developmental strategies might be accompanied by
variance in nestling corticosterone (CORT) levels. For example, the developmental
hypothesis posits that very young altricial nestlings will show a limited hypothalamopituitary-adrenal (HPA) axis response to stressors that will subsequently approach adult
responsiveness as nestlings age (Blas et al., 2006; Schwabl, 1999; Sims and Holberton,
2000). This early ‗non-responsiveness‘ or dampened responsiveness is hypothesized to
protect the nestling from the deleterious effects that elevated CORT is known to have on
numerous developing systems (e.g., Kitaysky et al., 2003; Kuhn et al., 1998). However,
elevated CORT may be advantageous for nestlings despite their dependence on parental
care, as increased CORT is known to promote begging behavior in at least one semiprecocial and one altricial species (black-legged kittiwakes, Rissa tridactyla; Kitaysky et
al., 2001, 2003 and house sparrows, Passer domesticus; Loiseau et al., 2008; but see
Rubolini et al., 2005; Vallarino et al., 2006) and may assist in the mediation of aggression
between siblings (Stowe et al., 2008; Tarlow et al., 2001). Elevated CORT secretion has
been observed in nestlings and chicks of some species in response to a variety of
environmental stressors (Müllner et al., 2004; for review see Blas and Baos, 2008). When
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chronically elevated, CORT not only adversely impacts nestling growth and body
condition, but it can also have long-term effects on HPA axis reactivity (Pravosudov and
Kitaysky, 2006), cognition (Kitaysky et al., 2001, 2003), and behavior (Monaghan, 2008;
Schoech et al., 2009; Spencer et al., 2008). Such alterations are important as it has been
recently shown in one species that the adrenal stress response early in life is correlated
with fitness (European white storks, Ciconia ciconia; Blas et al., 2007).
Corticosterone levels have been linked with nutritional stress or body condition in
nestlings in several studies (baseline: Pravosudov and Kitaysky, 2006; Saino et al., 2003;
Sockman and Schwabl, 2001; stress-induced: Love and Williams, 2008). Nutritionallyrestricted nestling western scrub-jays (Aphelocoma californica), for example, exhibit
elevated baseline CORT levels as nestlings and a heightened stress response at one year
of age (Pravosudov and Kitaysky, 2006). Naturally, for altricial species, nestling
nutritional condition is dependent on the amount and quality of food delivered by parents,
and therefore, assessing provisioning effort can provide important information about the
nature of the environment experienced by developing young.
In addition to stress induced by poor nutrition, maternal separation may influence
HPA axis activity. In a review of studies with rats (Rattus sp.) as models, Levine (2001)
noted that maternal separation for as little as one to three hours per day led to elevated
baseline glucocorticoid levels in pups. Similarly, in squirrel monkeys (Saimiri sciureus),
separation of infants from their mothers for as little as five minutes resulted in
significantly elevated baseline cortisol levels of the young (Stanton and Levine, 1985).
Interestingly, in addition to these changes in the HPA axis activity, maternal separation
during development can also permanently alter the functioning of the mammalian HPA
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axis (Ladd et al., 2000; Plotsky and Meaney, 1993). While these effects have been welldocumented in mammalian species in the laboratory, little is known about the influence
of maternal separation in birds, especially within the context of the natural environment.
We observed parental care in Florida scrub-jays (A. coerulescens) during the
breeding seasons of 2007 and 2008, monitoring provisioning effort of male and female
breeders and nest attendance of female breeders during early nestling development. We
then examined the hypothesis that differences in baseline CORT levels in nestlings were
predicted by variation in parental care. We predicted that offspring in nests with higher
levels of provisioning and maternal attentiveness would exhibit lower baseline CORT
levels.

Methods
Study Species and Location
Florida scrub-jays are cooperative breeders: each group defends a single territory
throughout the year. Our study population occupies the southern part of Archbold
Biological Station located in south-central Florida (27° 10‘N, 81° 2l‘W, elevation 38–68
m; see Schoech et al., 1996, 2009). Birds at our site are banded with a unique
combination of color bands and a United States Fish and Wildlife Service aluminum band
that allow for field identification of individual jays. We follow the fate of all nests and
monitor the status and survival of all individuals. Florida scrub-jays typically build nests
in scrub oaks (Quercus sp.) approximately one meter above the ground and lay 1-5 eggs
(modal clutch size = 3; Woolfenden and Fitzpatrick, 1984). Eggs are incubated for ~18
61

days before hatching and the altricial nestlings remain in the nest for another ~18 days
before fledging (Woolfenden and Fitzpatrick, 1984).

Nest Watches
Watches were conducted on days 3 - 5 post-hatch (day 0 = day first egg of a clutch
hatches). All viable eggs had hatched by day 3, although in some cases infertile eggs
remained in the nest beside the nestlings. Nests were viewed from a blind at a distance of
30 - 60 m with a spotting scope. Two focal watches were conducted for each nest and
took place for 1 hr in the morning (0700h-1000h EST) and 1 hr in the evening (1500h1800h EST), times which correspond with peak activity (Schoech et al., 1996;
Woolfenden and Fitzpatrick, 1984). The timer for each focal watch was started when the
first provisioning visit to the nest occurred. Preliminary analyses established that there
were no differences in provisioning rates or female breeder time on the nest between
morning and evening watches (provisioning: paired t57 = -1.57, P = 0.123; time on: paired
t57 = 0.80, P = 0.427), therefore data from the two watches were combined. During the
first few days after hatching, female breeders spend most of their time brooding and male
breeders deliver most of the food to the nest, although females sometimes deliver food as
well (Wilcoxen, pers. obs.; Woolfenden and Fitzpatrick, 1984). Although the Florida
scrub-jay is a cooperatively breeding species in which non-breeding ―helpers‖ often
provide alloparental care (Schoech et al., 1996), breeders exclude helpers from feeding
nestlings during the first week post-hatch. Indeed, in 92 focal watches conducted during
this stage of nestling development over multiple years, only one helper at one nest has
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ever been seen to deliver food to nestlings (Wilcoxen, unpubl. data). Therefore, the
provisioning rate used for this study reflects only the contribution of the male and female
breeders.

Provisioning Rate
Florida scrub-jay nestlings are fed an exclusive diet of invertebrates and small vertebrates
(Sauter et al., 2006). For each visit to the nest, we recorded the identity of the bird
delivering the food and the amount of food delivered based on a scoring system used
previously for this species (Mumme, 1992; Schoech et al., 1996; Stallcup and
Woolfenden, 1978). The amount of food delivered in a visit is given a categorical score
in progressively greater amounts of 1 (small item, no distension of sublingual pouch, bill
closed), 2 (clear distension of the sublingual pouch, bill closed), or 3 (sublingual pouch
and bill full, or large food item hanging out of bill). In cases where the amount of food
delivered was not discernable, the visit was given a score of 1 (this occurred in only 4.3%
of visits). The food scores for the watches were summed and provisioning rates were
calculated as food score per hour per nestling. Determination of which individual nestling
in the brood was fed was not possible.

Female Nest Attendance
During the developmental stage coinciding with our nest watches, the nestlings are
featherless. Given fluctuations of ambient temperature, female brooding or shading is
essential for thermoregulation of the nestlings. We recorded the amount of time the
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female spent on the nest, the number of times the female left the nest, and the
approximate distance she moved from the nest during each one-hour focal watch. We
categorized female nest attendance as follows: 1) on the nest; 2) off the nest, but within
the field of view of the observer, and likely within auditory range of the nestlings
(Khayutin, 1985; Magrath et al., 2006); and 3) off the nest, with the female observed
flying out of the nest area (approximately 30 m away or greater) and out of the field of
view of the observer. Though at times vegetation obstructed the observer‘s view of the
birds when they were foraging on the ground, the jays rarely move far along the ground,
and when they were subsequently observed nearby, we assumed that the bird had
remained in that general vicinity during the time period in which she was out of sight.
From these data, we calculated the proportion of time the female spent at each categorical
distance.

Nestling CORT and Morphometrics
All nestlings were removed from the nest at 11 days post-hatch, bled, and banded with a
United States Fish and Wildlife Service aluminum leg band and a single color band.
Blood sampling took place between 1000 and 1400h EST to coincide with times of low
predator activity. Nestlings were removed individually, carried away from the nest (20 80 m), and a small blood sample (< 150 L; well within the recommended limit of 1% of
total blood volume; McGuill and Rowan, 1989) was taken from the brachial vein within
three minutes of removal from the nest. We determined mass and lengths of the tarsus,
head-plus-bill, and 7th primary feather for each nestling. Each nestling was returned to the
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nest and a subsequent nestling was removed and similarly processed until all nestlings
had been sampled, banded, and measured. We utilized this sampling procedure to
minimize a glucocorticoid stress response in nestlings (Rensel et al., in press). We did,
however, realize that this procedure may have induced a stress response in some nestlings
(see Fridinger et al., 2007); therefore, we recorded not only the sampling time postremoval from the nest, but also the time of sampling relative to the initial nest
disturbance. A regression analysis of only those nestlings that were sampled first from
each nest showed that CORT levels did not increase with sampling times ranging from 45
to ~150 seconds, thus representing baseline levels (F1,37 = 1.42; P = 0.241). Though these
samples did not quite range up to 3 minutes post-removal from the nest, we used any
samples taken in under 180 sec in our analyses (see below), as CORT levels are known to
rise after ~3 min in adults (Romero and Reed, 2005). Two nestling samples from
different nests were excluded as they were taken after 3 min had passed since removal
from the nest. To determine whether or not to include nestling sampling time after the
initial nest disturbance as a covariate in our analyses, we ran linear regressions of CORT
as a function of elapsed time since initial disturbance for each brood size. CORT levels
tended to increase with sampling time after the initial disturbance (broods of 2: F1,14 =
1.33; P = 0.267; broods of 3: F1,56 = 4.23, P = 0.044; broods of 4: F1,42 = 2.88, P = 0.097),
although these increases were not always statistically significant. Because of the general
trend towards an increase in CORT levels with time, and to better assess the CORT levels
of each nestling in a brood while controlling for the potential stress of nest disturbance,
we included nestling sampling time with respect to initial disturbance in each of the
GLMMs that analyzed CORT (see statistical methods below). Blood samples were kept

65

on ice until transport to the laboratory, where the plasma was separated from the cellular
portion by centrifugation. Plasma samples were frozen and stored at -20 C until
radioimmunoassay at the University of Memphis.

Radioimmunoassay
To determine plasma concentrations of CORT, we used between 5-30μL of plasma
(Wingfield et al., 1997) in three direct radioimmunoassays (two in 2007 and one in
2008). Extractions with diethyl ether yielded an average hormone recovery of 77%. We
used tritiated corticosterone purchased from PerkinElmer, Inc. (Boston, MA) and
corticosterone anti-serum from Esoterix, Inc. (Calabasas, CA). Four to eight standards
with known concentrations of corticosterone (1000 pg, Sigma Aldrich) were interspersed
throughout the assays. The intra-assay coefficients of variation were as follows: assay 1
(2007), 16.5%; assay 2 (2007), 12.3%; assay 3 (2008), 10.2%. The inter-assay CV was
33.7%. We recognize that this is a very large inter-assay CV, but upon further
examination of the assay results, we found that this came about as a result of substantially
higher CORT standard values in the 2008 assay. The inter-assay CV for the two 2007
assays was 18.1%. Therefore, we concluded that the large inter-assay CV for all three
assays was a result of ‗year‘ differences in the assays. Thus ‗year‘ was included as a
random factor in the analyses (see statistical methods section), effectively controlling for
differences in the years among assays. The assay detection limit was 8 pg/assay tube. For
more details on the radioimmunoassay procedure, please see Rensel et al. (in press) and
Schoech et al. (1991).
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Statistical Analyses
We used a generalized linear mixed modeling (GLMM) approach in which each nestling
was considered as a single unit in our analyses (Littell et al., 2006). This method allows
for avoidance of pseudoreplication due to nest of origin because nest is included as a
random variable in the model. To control for inter-year variation, we also included year
as a random factor in the analysis. Although GLMM‘s allow for the inclusion of nonnormally distributed dependent variables (e.g., Littell et al., 2006), we found that the
analysis did not reach convergence when we ran our models using the exponentially
distributed nestling CORT levels and a log link function. Therefore, nestling CORT
levels were log10 transformed to achieve a normal distribution and we used an identity
link function for the analyses. Nests of two, three, and four individuals were included in
the analyses; there were only two nests of one in this study, and they were therefore
excluded from analyses. There were no broods of five during the study. Additionally, all
nests in which brood reduction occurred between the day of parental care observations
and blood sample collection on day 11 were excluded from the analyses as the intra-nest
environment and parental demand likely change with the removal of one or more
nestlings. It is important to note that although brood reduction occurs occasionally, it is
relatively uncommon in our study population. Indeed, of all the nests that were observed
during the period of this study that survived to day 11 post-hatch (n = 50), only 8 nests
experienced brood reduction between days 0 and 11 post-hatch. Three additional CORT
outliers (greater than 2 S.D. from the mean) were removed before running the GLMM‘s.
In total, our analyses considered 118 nestling samples from 40 nests.
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To determine the influence of parental care on nestling CORT levels, we used a
GLMM with year (2007 or 2008) and nest as random variables, brood size and helper
presence/absence as categorical variables, and nestling body condition index (BCI),
maternal attendance (see below), and provisioning rate as continuous variables. The body
condition index was calculated as the residuals from a regression of a principal
component derived from measures of tarsus and head-plus-bill length on mass (see
Green, 2001). The presence or absence of helpers was included in the model because
helpers deliver food to the nest later in the nestling phase (after ~8 days), which could
influence nestling CORT levels on day 11 post-hatch. Interactions between categorical
factors and between categorical and continuous factors were also included in the initial
model (see Tables 1 and 2 for full models). To control for the possibility that our
sampling procedure induced a stress response in those nestlings bled after the first, we
included the time of sampling relative to initial disturbance for each nestling as a
covariate.
We hypothesized that maternal absence, including time spent out of auditory
contact of young, affects nestling corticosterone levels. Therefore, to determine which
component(s) of maternal attendance contribute the most to nestling CORT, we ran two
separate GLMM‘s, each with a difference measure of female nest attendance: 1) total
time off the nest (includes time in the vicinity of the nest and time far from the nest:
categories 2 and 3 combined) and 2) time off the nest and away from the nest area (i.e.,
time far from the nest: category 3). For each GLMM, the best model was determined via
backwards stepwise elimination of non-significant factors (highest P-values removed in
order of significance; criteria for removal: P > 0.05; e.g., Blas et al., 2005, 2006) or
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covariates (only in cases where there were no significant interactions involving a
variable).
In all instances, data are presented as means ± SEM. The GLMM‘s were
conducted with SAS 9.1 (SAS Institute, 2002); all other analyses used PASW 17.0 (SPSS
Statistics, 2009).

Results
Nestling CORT levels were positively related to the time that the female breeder spent
away from the nest area (time greater than 30m from the nest: category 3; F1,113 = 26.38,
P < 0.0001; Fig. 1). There was also a significant positive relationship between nestling
CORT and elapsed time of sampling, although this relationship was not as strong as the
association between CORT and female nest attendance behavior. None of the other
factors or covariates in the model significantly influenced nestling CORT levels (Table
1).
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Fig. 1. Nestling corticosterone regressed against the proportion of time that female
breeders were away from the nest area (category 3, see Methods; n = 118 nestlings from
40 nests).

Table 1 Model results from a generalized linear mixed model to assess the factors that
influenced nestling corticosterone levels (log10 CORT; n=118 nestlings from 40 nests). Fand P-values are prior to removal of non-significant terms from the model. Variables
retained in the final model are in boldface. Female attendance measure (category 3) is the
proportion of time female breeders spent at more than 30m from nest. Elapsed time is
time of blood sampling with respect to the initial nest disturbance.
Variable
Brood Size
Helpers
Elapsed time
BCI
Provisioning Rate
Category 3
Brood Size*Helpers
Brood Size*Elapsed time
Brood Size*BCI
Brood Size*Provisioning Rate
Brood Size*Category 3
Helpers*BCI
Helpers*Provisioning Rate
Helpers*Category 3

df
2,111
1,107
1,113
1,108
1,103
1,113
2,95
2,97
2,104
2,99
2,109
1,106
1,102
1,101

F
0.10
0.15
13.73
1.72
0.01
26.38
0.07
0.15
1.15
0.31
2.47
2.85
0.23
0.29
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P
0.9036
0.7031
0.0003
0.1928
0.9137
<0.0001
0.9344
0.8636
0.3213
0.7349
0.0892
0.0944
0.6302
0.5902

When we re-ran the model using proportion of time spent off of the nest
(irrespective of distance from the nest; i.e., categories 2 and 3), there was no relationship
between female attendance and nestling CORT levels (F1,109 = 0.86, P = 0.3549; Table 2).
Elapsed time until sample collection was again significantly related to CORT, but in this
second model, provisioning rate was inversely related to nestling CORT (F1,110 = 5.72, P
= 0.0185; Fig. 2). In addition, there was a significant interaction between helper
presence/absence and nestling BCI: in territories with helpers, BCI was inversely related
to CORT (GLMM: F1,57 = 8.89; P = 0.0042), although the relationship was nonsignificant in territories without helpers (GLMM: F1,53 = 0.79, P = 0.3782; Fig. 3).

Fig. 2. Nestling corticosterone on day 11 post-hatch regressed against parental
provisioning rate on days 3-5 post-hatch (n = 118 nestlings from 40 nests).
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Table 2 Model results from a generalized linear mixed model to assess the factors that
influenced nestling corticosterone levels (log10 CORT; n=118 nestlings from 40 nests). Fand P-values are prior to removal of non-significant terms from the model. Variables
retained in the final model are in boldface. Female attendance measure (category 2+3) is
proportion of time female breeder spent off of the nest. Elapsed time is time of blood
sampling with respect to the initial nest disturbance.
Variable
Brood Size
Helpers
Elapsed time
BCI
Provisioning Rate
Category 2+3
Brood Size*Helpers
Brood Size*Elapsed time
Brood Size*BCI
Brood Size*Provisioning Rate
Brood Size*Category 2+3
Helpers*BCI
Helpers*Provisioning Rate
Helpers*Category 2+3

df
2,107
1,110
1,110
1,110
1,110
1,109
2,100
2,96
2,102
2,104
2,98
1,110
1,106
1,95
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F
0.54
1.30
9.99
2.24
5.72
0.86
0.53
0.15
0.44
1.32
0.21
6.42
0.12
0.02

P
0.5825
0.2560
0.0020
0.1369
0.0185
0.3549
0.5886
0.8577
0.6451
0.2709
0.8100
0.0127
0.7333
0.8794

Fig. 3. The relationship between nestling corticosterone and body condition index (BCI)
on day 11 post-hatch. Solid line and filled circles are territories with helpers (n = 61
nestlings); dashed line and open circles are territories without helpers (n = 57 nestlings).

Discussion
Nestling corticosterone levels were highest in nests where mothers spent greater amounts
of time far from the nest (category 3), an effect that was independent of brood size and
provisioning rate. Although there was substantial variation in the distance and duration of
female departures from the nest, it appears that the departures in which females were well
out of visual or aural contact with the nestlings had a significant impact on nestling stress
physiology. There are at least two possible explanations for this observed pattern. First,
the perception of the mother‘s absence may have induced some degree of a stress
response with elevated corticosterone, as has been found in many species of neonatal
mammals (e.g., humans, Homo sapiens, Larson et al., 1991; bonnet and pigtail monkeys,
Macaca radiate and M. nemistrina, respectively, Laudenslager et al., 1995; rats, Levine,
2001, Lukkes et al., 2009; guinea pigs, Cavia porcellus, Ritchey and Hennessy, 1987;
and squirrel monkeys, Wiener et al., 1990). Second, Florida scrub-jay nestlings during
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the study period have few feathers and those that they have are of limited insulatory
value. Therefore, separation from the mother for long periods of time could lead to
thermal stress with a concurrent adrenocortical response. Temperature extremes elicit
such responses in nestling white-crowned sparrows (Zonotrichia leucophrys; Webb,
1993), tree swallows (Tachycineta bicolor; Perez et al., 2008), and European pied
flycatchers (Ficedula hypoleuca) and blue tits (Cyanistes caeruleus; Lobato et al., 2007).
If thermal stress were the cause of elevated corticosterone levels in our study, we would
have expected to see a significant positive relationship between the proportion of time
females spent off of the nest and corticosterone levels, irrespective of distance from the
nest. Finding no evidence of this relationship, we consider it unlikely that the higher
CORT levels were due to nestling thermal stress. Instead, and similar to results obtained
in numerous species of mammals (see above), it appears that in the Florida scrub-jay,
psychological stress elicited by the lack of tactile and aural contact with the mother is
responsible for the increased baseline CORT levels.
Nestling behaviors, and likely physiologic responses as well, are influenced by
auditory cues such as alarm calls (Khayutin, 1985), and can be perceived by, and exert an
influence upon, nestlings from as far as 20 m from the nest in other passerines (Magrath
et al., 2006). In addition to alarm calls, Florida scrub-jays also give soft, guttural ―kuk‖
sounds upon approaching the nest with food (Woolfenden and Fitzpatrick, 1996).
Although we have no data to assess the relative distances at which adults can be heard by
nestlings, one may speculate that this aural contact could serve as a general signal of
parental presence, much like tactile contact, and thus influence a nestling‘s sense of wellbeing and hence, glucocorticoid secretion.
74

Other avian studies have demonstrated that nutritional status influences
glucocorticoid levels of young birds (e.g., Kitaysky et al., 2005; Pravosudov and
Kitaysky, 2006; Quillfeldt et al., 2007; Walker et al., 2005). Interestingly, there was no
effect of provisioning rate on nestling CORT when considered in conjunction with the
proportion of time spent by the female breeder at greater than 30 meters from the nest.
When female breeder time off of the nest (which included time near the nest as well as
far from the nest, categories 2 and 3) was used as a measure of nest attendance, however,
nestling CORT levels were significantly lower with higher provisioning rates and in
nestlings in better body condition (although this second effect was only seen in territories
with helpers). These results indicate that nutritional condition is indeed linked to baseline
corticosterone levels in nestling Florida Scrub-Jays, although the strength of this
relationship may depend on a number of factors and may be secondary to the female
breeder‘s nest attendance (or lack thereof). It is also important to note that we were
unable to track the amount of food provided to each individual nestling. Instead, the total
amount of food delivered to the nestlings within a nest was summed and averaged by
brood size. Since it is well known that parents can preferentially feed some offspring over
others (e.g., Dugas, 2009), it is reasonable to predict that a more sensitive assessment of
provisioning rates to each individual nestling, while impossible to assess with this
species, would provide a clearer explanation of the relationship between corticosterone
levels and body condition.
The correlation of maternal nest attendance with stress physiology of nestling
Florida scrub-jays could have important implications for the development of an
individual nestlings‘ behavior and physiology that carry over to adulthood. For example,
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studies have demonstrated that elevated CORT during development may impair song
learning (Buchanan et al., 2003; MacDonald et al., 2006; Soma et al., 2006), reduce mate
attractiveness (Naguib et al., 2008), alter sub-adult personality (Schoech et al., 2009), and
alter adult stress responsiveness (Henry et al., 1994), all of which may ultimately
influence fitness (e.g., see Blas et al., 2007). While some of these effects are detrimental,
elevated baseline corticosterone during development may also act to organize the stress
axis and behavior of young jays in such a way as to assist in coping with an unpredictable
environment later in life (see review by Breuner, 2008). Indeed, recent studies suggest
that elevated CORT during development may ―program‖ the phenotype (including stress
physiology) of the offspring to correspond with current environmental conditions (see
reviews by Love and Williams, 2008; Monaghan, 2008). Such shaping of the adult
phenotype may effectively ―prepare‖ young for the conditions they will face later in life,
potentially increasing their chances of success through coping with environmental flux.
The results of our study suggest that both female nest attendance and breeder
provisioning rates influence nestling stress physiology. Future work will seek to
determine the factors that mediate female behavior during this period of nestling
development. For example, does the amount of time a female spends attending to her
nestlings depend on her own nutritional condition? It may be that females that spend
more time away from the nest are in poorer body condition than those that spend much of
their time on the nest, thereby necessitating the former to increase foraging time away
from the nest. Similarly, poor quality territories may yield lower prey abundances and
require females to spend more time farther from the nest foraging. Alternatively, there
may be an interaction between a female and her mate‘s body condition that results in
76

differential maternal care. We will continue to investigate these and other possibilities in
our examination of the factors influencing female nest attendance.

Conclusion
The separation of dependent offspring from their mothers or other members of their
social group has been shown to elicit an adrenocortical response in many vertebrate
species (for mammals see reviews by Cushing and Kramer, 2005; Kuhn and Schanberg,
1998; for birds in an aviary see Stowe et al., 2008). However, to our knowledge, no
previous observational or experimental study has investigated this phenomenon in a freeliving population of birds. Further study that manipulates female nest attendance by
temporary removal of females from the nest would be an interesting and informative
contribution to research of this nature.
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CHAPTER 5: REPEATABILITY OF BASELINE AND STRESS-INDUCED
CORTICOSTERONE LEVELS ACROSS EARLY LIFE STAGES IN THE FLORIDA
SCRUB-JAY (APHELOCOMA COERULESCENS)

Abstract
Recent studies have posited that the pattern of glucocorticoid secretion within an
individual represents a stable, fixed physiological trait. To test this hypothesis, we
assessed the repeatability of baseline and stress-induced corticosterone (CORT) secretion
across developmental stages and years in Florida scrub-jays. We sampled individuals
from multiple cohorts repeatedly from the age of 11 days post-hatch up to four years of
age. We found a significant degree of repeatability within individuals in stress-induced
corticosterone levels, i. e., the amount of hormone secreted during a standardized stress
protocol (corrected integrated corticosterone). However, baseline corticosterone levels
were not statistically repeatable, although there was some indication that nestling levels
predicted levels at one year of age. The results of this study indicate that stress-induced
CORT levels are consistent within individual scrub-jays, and the degree to which a young
jay mounts an acute stress response appears to be somewhat ‗set‘ by the age of nutritional
independence. Thus stress-induced corticosterone secretion appears to be a stable,
repeatable trait within individuals and as such may be subject to natural selection.

Introduction
Measurement of the adrenal steroid hormones cortisol or corticosterone (CORT)
has long been considered a useful technique for assessing the physiological state of an
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animal or a group of animals, particularly groups or populations that appear to be
suffering adverse effects due to human activities (reviewed in Walker et al., 2005).
Corticosterone (which is the primary glucocorticoid in birds, reptiles and amphibians, and
some rodents; cortisol is the primary glucocorticoid in most mammals and fish) secretion
is classified into two ‗types‘ based on the dynamics of secretion and the receptors bound
(for reviews see Romero, 2004; Sapolsky et al., 2000). Baseline CORT is the amount of
hormone secreted by the adrenal glands on a continuous, low-level basis. Baseline CORT
is considered to act permissively in its influence on other physiological systems and
preferentially binds Type I, high-affinity receptors in the brain. In response to the
perception of a stimulus that could disrupt internal homeostasis, CORT secretion is upregulated, a phenomenon known as the stress response. This stress-induced CORT mainly
acts in a direct regulatory fashion, suppressing or activating physiological and behavioral
circuits. Stress-induced CORT binds primarily to the lower-affinity Type II receptors in
the brain. Regardless of the type of CORT response (baseline or stress-induced), secretion
is mediated through the actions of the hypothalamic-pituitary-adrenal (HPA) axis which
serves to integrate endogenous and exogenous information among the brain, anterior
pituitary, and adrenal glands. While important for up-regulating CORT secretion, the HPA
axis also plays a critical role in governing the termination of the stress response through
negative feedback actions at multiple sites (Romero, 2004; Sapolsky et al., 2000).
Elevated CORT levels in response to numerous perturbations and the subsequent
physiological actions of these elevated levels (in conjunction with the rapid effects of
epinephrine and norepinephrine) have led to the consideration of CORT as a ‗stress
hormone.‘ For example, elevated CORT causes increased gluconeogenesis at the liver,
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which serves to increase glucose availability and thereby facilitate an appropriate
response to a given stimulus. Additionally, CORT shifts blood flow from non-essential
processes (e. g., digestion) towards essential functions (e. g., skeletal muscles involved in
escape behaviors; reviewed in Romero and Butler, 2007). Behavioral functions include
facilitation of fight or flight behaviors and in some cases, such as the persistence of the
perturbation, abandonment of reproductive activity. Given its influence on a number of
behaviors and physiological processes that are involved with survival, both baseline and
stress-induced CORT secretion are considered to have adaptive functions (reviewed in
Bonier et al., 2009 and Breuner et al., 2008).
Many studies have used measurement of CORT secretion as a means by which to
assess the ways in which a species responds to a specific element of the external
environment. Such studies typically group animals‘ responses into mean levels. While
useful, this approach ignores a great deal of variation in both baseline and stress-induced
CORT levels among individuals (Williams, 2008). Clearly, an individual‘s physiological
response to the external environment is not simply determined by the nature of the
stimulus. Instead, recent work has suggested that CORT secretion is a stable trait across
time within an individual. For example, through selective breeding in the laboratory, high
and low responding zebra finch (Taeniopygia guttata) and Japanese quail (Coturnix
japonica) lines have been established (high responders being those that always respond to
a stressful stimulus with a large stress response; low being the opposite; Cockrem et al.,
2010; Evans et al., 2006; Satterlee and Johnson, 1988). Therefore the level of CORT
secretion within an animal is at least partially determined by its genotype and thus may
be subject to the forces of natural selection (although epigenetic effects during early
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development may also ‗organize‘ the HPA axis, at least in mammals; e. g., Henry et al.,
1994). This opens the field of stress research to further examination of the mechanisms
whereby natural selection has shaped, and continues to shape, the HPA axis. By
examining CORT secretion at the individual level researchers will gain a better
understanding of the links between CORT and personality, survival, and reproduction
(reviewed in Breuner et al., 2008 and Cockrem, 2007).
The existence of different stress responsive profiles within a population is
consistent with the idea that CORT secretion is genetically determined and may be
subject to selection. However, in addition to showing that individuals differ from each
other in baseline and stress-induced CORT profiles, it is also important to demonstrate
that levels of CORT secretion are relatively stable within an individual, i. e., exhibit
repeatability (see Lessels and Boag, 1987). In addition to showing that the trait of interest
is stable and persistent (and thus a viable trait upon which selection can act), repeatability
may also set an upper limit to heritability, an important requirement for evolution by
natural selection (Lessels and Boag, 1987; but see Dohm, 2002). Within the avian
research community, several recent studies have found support for the repeatability of
CORT profiles within individuals. Baseline CORT levels appear to be repeatable in at
least some cases in house sparrows (Passer domesticus; Romero and Reed, 2008) and
great tits (Parus major; Cockrem et al., 2009; Cockrem and Silverin, 2002). Stressinduced CORT levels are also repeatable in great tits (Cockrem and Silverin, 2002) and
zebra finches (Wada et al., 2008). While these studies were conducted within a laboratory
environment, a study of ten graylag geese (Anser anser) in a free-living flock showed
repeatability of fecal CORT metabolite levels across a roughly five month span (but only
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in one of three social ‗treatments;‘ Kralj-Fiser et al., 2007). Free-living Adélie penguins
(Pygoscelis adeliae) exhibited repeatability of stress-induced CORT, but not baseline
levels over the course of four days (Cockrem et al., 2009). Baseline CORT was repeatable
in Adélie penguins sampled in a different study over the course of one breeding season
(Vleck et al., 2000) and in free living red-winged blackbirds (Agelaius phoeniceus)
sampled over the course of four years (Beletsky et al., 1992). Finally, baseline CORT
levels were repeatable when sampled twice in eight black-browed albatross
(Thalassarche melanophrys) at an interval of approximately one year (Angelier et al.,
2010). In addition to repeatability, numerous studies have documented a great deal of
inter-individual variation in both baseline and stress-induced CORT levels, satisfying yet
another criteria for the possibility of evolution by natural selection (e. g., Cockrem et al.,
2009; Wada et al., 2008).
The goal of this study was to assess the repeatability of baseline and stressinduced CORT levels within individual Florida scrub-jays (Aphelocoma coerulescens).
Our study system provides us with the unique opportunity to capture and sample
individual jays over the course of their lifetimes, given that this species is non-migratory
and highly philopatric. Thus while most studies of repeatability assess within-individual
consistency in CORT profiles over a relatively short time-course (see above citations),
our study system allows for examination of repeatability in the wild over the course of
multiple years. We assessed repeatability of stress-induced and baseline CORT in young
jays by sampling during the nestling stage, as nutritionally independent juveniles, as
yearlings, as two year-olds, as three year-olds, and as four year-olds. This is the first
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study of a free-living population to assess such repeatability over multiple ages and
multiple years.

Methods
Field Site and Study Population
We conducted this study from 2006-2010 at Archbold Biological Station, located
in south-central Florida (27°10'N, 81°21'W). The population of Florida scrub-jays we
study at the station has been intensively monitored for the last ~ 20 years (e. g., Schoech
et al., 1991; Schoech et al., 2009). All jays are banded with a unique combination of one
USGS aluminum band and two to three color bands, which allows us to easily distinguish
between individuals in the field. Individuals are sexed by a combination of genetic data
(DNA extracted from red blood cells) and behavioral cues, and the status (breeder or nonbreeding helper) of each bird is known from field observations. Each territorial breeding
pair is assisted by from 0 to 7 non-breeding, adult helpers that assist in territory vigilance
and offspring care (Woolfenden and Fitzpatrick, 1984). As a part of long-term studies
within this population, all nests are found during the early building or incubation stages
and regularly monitored until fledging or failure. Similarly, all individuals are tracked
throughout their lifetimes through periodic census and intensive monitoring of all jays in
the population during the breeding season (Jan – June; for further details, see Rensel et
al., 2010a).
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Blood Sampling – General Protocol
Blood samples were obtained from jays that hatched in 2006, 2007, 2008, and 2009 as
follows: Baseline CORT samples were obtained from nutritionally independent juveniles
(~70 days post-hatch) in 2006, and then yearly for individuals surviving from this cohort
(i. e., once in 2007, once in 2008, once in 2009, and once in 2010). For the 2007, 2008,
and 2009 cohorts, samples to assess baseline CORT levels were obtained from nestlings
on day 11 post-hatch (see below), and baseline and stress-induced CORT samples were
obtained from nutritionally independent young and yearly thereafter (see details below).
For all samples, blood was kept on ice for ~ 1-4 hours until centrifugation at the
laboratory. The plasma portion was then removed and stored at -20 ° C until
radioimmunoassay (see below). Procedures utilized in this study were approved by the
University of Memphis Institutional Animal Care and Use Committee.

Nestling Sampling Protocol
Baseline CORT samples were obtained from nestlings in 2007, 2008, and 2009 on
day 11 post-hatch, the historically-determined date of color banding (due to the low
probability of force fledging nestlings at this age and the size of the nestlings which
facilitates banding). Nestling sampling took place between 1000 and 1400h EST, times of
low aerial predator activity, to minimize the likelihood that our activity would alert a
potential predator. To obtain blood samples, each nestling was removed one-at-a-time
from the nest and carried ~15-40 m away from the nest to reduce parental alarm calling.
The brachial vein was pierced with a 27 gauge needle and from 60-200µl of whole blood
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was collected in heparinized microhematocrit capillary tubes. We then collected standard
morphometric measures (mass, tarsus length, etc.) and returned the nestling to the nest, at
which time another nestling was removed: this procedure was repeated until all in the
brood were sampled. Because some of the latter bled nestlings exhibited a stress response
(i. e., there was a significant positive relationship between time since initial nest
disturbance and plasma CORT levels, see Rensel et al., 2010a; Rensel et al., in review),
we only consider first-bled nestlings for the purposes of this study. First-bled nestlings
were sampled in less than 3 minutes of disturbance of the nest to ensure baseline samples
(Romero and Reed, 2005). Nestlings were sampled over the following dates in each year:
2007: April 16 to June 18; 2008: April 5 to May 24; and 2009: April 16 to May 29.

Nutritionally Independent Young and Adult Sampling Protocol
Baseline and stress-induced CORT samples were obtained from nutritionally
independent young and again from these same individuals once a year in subsequent
years for the duration of the study. Young jays reach nutritional independence at
approximately 60-70 days of age. The mean age at capture and sampling dates varied
among the years of our study: 2006: captured between June 16 and July 24, with a mean
age at capture of 87.3 ± 1.7 days; 2007: caught between June 26 and July 2, with a mean
age of 75.9 ± 1.7 days; 2008: caught between July 8 and 17, with a mean age of 93.8 ±
1.2 days; and 2009: caught between July 15 and 19, with a mean age of 75.8 ± 2.8 days.
Nutritionally independent young were caught by training individuals to first take
peanuts thrown on the ground by the observer and then baiting continuously-monitored
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Potter traps with peanuts. Upon capture, jays were removed from the trap and blood
sampled within two-three minutes (baseline CORT; see below). Subsequent blood
samples were taken at 5, 15, and 30 minutes post-capture. Standard morphometric
measures (see Rensel et al., 2010a) were taken between the baseline and 5 minute
sample, and the bird was placed in an opaque, loosely woven cloth bag that was held in
the shade between all subsequent samples. Sampling took place between 0700 and 1100
EST to control for diel variation in CORT levels (see Breuner et al., 1999).
The same procedure was repeated for each surviving individual at roughly one,
two, and three years of age, with sampling occurring during the pre to early breeding
period. Due to logistics, the sampling dates of adults (one year or older) varied according
to year. Adults were sampled within the following time periods: 1) 2007: February 21 to
April 11; 2) 2008: February 24 to April 23; 3) 2009: February 11 to March 3; and 4)
2010: January 11 to February 24.

Radioimmunoassay
Plasma CORT levels were determined using direct radioimmunoassay (RIA).
Briefly, we used diethyl ether to extract the steroid hormone from plasma samples of
from ~ 5-40µl. The ether was evaporated under nitrogen gas and the dried materials
containing the steroids were then reconstituted in phosphate buffered saline with gelatin.
Samples were partitioned into duplicate assay tubes to which we added a known amount
of antibody (Esoterix, Inc.) and radiolabeled corticosterone (Perkin Elmer, Inc.). A
standard curve was prepared using labeled CORT, antisera, and CORT standard (Sigma
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Aldrich). Four to sixteen CORT standards (depending on the size of the assay) were
included in each assay and used to assess intra and inter-assay variation. CORT level
within a given sample was determined by correcting for sample volume and percent
recovery (mean recovery was 78%). Recoveries were determined by adding a small
amount of labeled CORT to samples prior to extraction. Samples from each year were run
in one to three assays per year, depending on the number of samples collected in a given
year. Samples from ten assays were included in this study (intra-assay CVs 9.3 – 16.5%;
inter-assay CV = 22.5%).

Integrated CORT Calculation
To assess the amount of CORT secreted in response to the standardized stressor of
capture and restraint, we calculated integrated CORT in GraphPad Prism 5.0, which is a
measure of the area under the curve of the stress response (Cockrem and Silverin, 2002).
Because the time each sample was obtained was not always at exactly 5, 15, or 30
minutes, we used the actual sampling time when calculating integrated CORT. However,
samples were usually taken within 1 minute of each designated sampling time (mean
sampling time for baseline sample = 1.15 ± 0.04 min; 5 min sample = 5.27 ± 0.04 min, 15
min sample = 15.32 ± 0.05 min, 30 min sample = 30.25 ± 0.04 min). We also calculated
corrected integrated CORT, which is an integrated CORT measure that accounts for
variation in initial (baseline) CORT levels, using the equation ‗integrated CORT –
(baseline CORT * time of 30 min sample)‘ (see Cockrem and Silverin, 2002).
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Statistics
A total of 37 birds were sampled two or more times for stress-induced CORT
levels between nutritional independence and four years of age (21 sampled twice, 15
sampled three times, and 1 sampled four times). In addition, 69 individuals were sampled
more than once between the ages of 11 days post-hatch and four years for baseline CORT
levels (36 sampled twice, 26 sampled three times, and 7 sampled four times). Note: the
discrepancy between baseline and stress-induced CORT sample sizes is due to nestlings
from all cohorts and independent young and adults from the 2006 cohort having been
only sampled for baseline CORT. Seven outlying baseline CORT values (> 3 SD from the
mean) were excluded prior to analysis. To facilitate comparison of baseline, integrated,
and corrected integrated CORT levels within individuals across ages, years, seasons (e. g.,
Wingfield et al., 1992) and assays, we calculated the mean CORT value for each cohort
sampled in each year and subtracted this value from the absolute CORT level of each
individual (hereafter termed relative baseline, integrated or corrected integrated CORT
levels). This provided us with relative measures of CORT (i. e., the degree to which an
individual deviated from the mean). Relative baseline CORT levels were log transformed
to meet the assumption of normality. Transformed relative baseline CORT levels of birds
that were sampled more than once did not increase with sampling time post-capture
(range = 29-270 sec; mean = 70.2 sec; F1,176 = 2.66; P = 0.104). In addition, day of year
of sampling did not account for variation in relative baseline or stress-induced CORT
levels within nestlings (baseline only: F1,23 = 0.24; P = 0.626), independent young
(baseline: F1,52 = 0.03; P = 0.862; integrated: F1,25 = 0.01; P = 0.933), or adults (baseline:
F1,97 = 0.36; P = 0.552; integrated: F1,62 = 0.16; P = 0.689); thus, although season of
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sampling differed for these three groups, there were no effects of within-season sampling
date on CORT levels.
Our sampling procedure necessitated taking blood samples at different times of
day depending on age of the bird (nestlings vs. all other ages). However, relative baseline
CORT levels were not related to time of day of capture in nestlings sampled between
1000 and 1400 hours (F1,23 = 1.39; P = 0.251) or in juveniles and adults sampled between
0700 and 1100 hours (F1,151 = 3.20; P = 0.076). Both relative integrated CORT and
corrected integrated CORT levels decreased with time of day of capture, however
(integrated: F1,89 = 25.26; P = 0.0001; corrected integrated: F1,89 = 28.17; P = 0.0001).
After exclusion of data from birds for which we collected just a single blood
sample, we examined repeatability of baseline and stress-induced CORT secretion within
individuals using two methods. First, we calculated R, which is the intra-class correlation
coefficient, using the equation described by Lessels and Boag (1987). Briefly, this entails
conducting an ANOVA with the CORT measure of interest (relative baseline, integrated,
or corrected integrated CORT levels) as the dependent variable and bird identity as the
independent variable. We calculated repeatability of relative baseline, integrated, and
corrected integrated CORT levels for 1) all individuals; and 2) only individuals of one
year of age or older (to account for the fact that the HPA axis may not have fully
developed by the time of sampling of nestlings and independent young). Sampling time
of day was included as a covariate in the analyses of repeatability of stress-induced
CORT as levels decreased with time of day (see above). The assumption of homogeneity
of variances was violated for each of the repeatability analyses (Levene‘s P < 0.05).
However, given the large number of individuals sampled relative to the number of
97

samples per individual, the repeatability ANOVA is most likely reliable and robust to this
violation (Dohm, 2002; Miranda –Fontaíña and Fernández-López, 2009).
Second, to further examine the relationships between CORT levels within
individuals at different ages, we examined Pearson's correlations between relative CORT
levels at all combinations of ages. Relative integrated and corrected integrated CORT
levels were corrected for sampling time of day (residuals from regression used) prior to
analysis. Because results using integrated CORT and corrected integrated CORT were
qualitatively similar (i. e., significant results with integrated CORT were significant with
corrected integrated CORT), only results for relative corrected integrated CORT levels
are presented below. All statistics were conducted in PASW 18.0 (SPSS Statistics, Inc.).

Results
All Ages
Relative baseline CORT levels were not significantly repeatable among the 69
individuals sampled more than once during this study, although the analysis approached
statistical significance (F68,109 = 1.41; P = 0.056; R = 0.13). When statistically corrected
for sampling time of day, relative corrected integrated CORT levels were, however,
repeatable among the 37 individuals included in the analysis (time of day: F1,53 = 14.45; P
= 0.0004; corrected integrated CORT: F36,53 = 3.49; P = 0.0001; R = 0.50).
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Age One and Older
When the analysis was restricted to individuals aged one year and older, relative
baseline CORT levels were not repeatable (F30,36 = 1.11; P = 0.376; R = 0.05). Relative
corrected integrated CORT levels remained repeatable (F23,26 = 2.31; P = 0.02; R = 0.38;
time of day: F1,26 = 5.62; P = 0.025).

Correlations
Pearson‘s correlations between each combination of ages showed that relative
baseline CORT levels were consistent within individuals sampled as nestlings and at one
year of age (P = 0.02; Fig. 1). Relative corrected integrated CORT levels were consistent
within individuals between nutritional independence and one year of age (P < 0.001; Fig.
2), nutritional independence and two years of age (P = 0.049), and one year of age and
two years of age, although the latter analysis was not statistically significant (P = 0.066).
All other comparisons were non-significant (see Table 1 for relative baseline CORT
levels and Table 2 for relative corrected integrated CORT levels).
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Fig. 1. Correlation between relative baseline CORT levels at day 11 post-hatch (nestlings)
and after the first winter (yearlings). Each point represents one individual.

Table 1 P-values from Pearson's correlations among relative baseline corticosterone
levels in individuals sampled as nestlings, nutritionally independent young, yearlings,
two year olds, and three year olds. Significant correlations are in bold and sample sizes
are indicated in parentheses.
Independent

Yearling

Two Years

Three Years

Nestling

0.887 (19) r = 0.04

0.020 (18) r =
0.54

0.089 (9) r = 0.60

-

Independent

-

0.097 (43) r =
0.26

Yearling

-

-

Two

-

-

0.456 (18) r = - 0.949 (6) r = 0.03
0.19
0.362 (28) r = 0.18 0.454 (6) r = 0.38
-
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0.513 (4) r = 0.49

Fig. 2. Correlation between relative corrected integrated CORT levels at nutritional
independence and after the first winter (yearlings), corrected for time of day of sampling.
CORT levels are corrected for sampling time of day. Each point represents one
individual. Integrated CORT refers to the area under the stress response curve.

Table 2 P-values from Pearson's correlations among stress-induced corticosterone
(relative corrected integrated CORT levels corrected for sampling time of day) in
individuals sampled as nutritionally independent young, yearlings, two year olds, and
three year olds. Significant correlations are in bold and sample sizes are indicated in
parentheses.
Yearling

Two Years

Three Years

Independent

< 0.001 (26) r = 0.71

0.049 (15) r = 0.52

-

Yearling

-

0.066 (24) r = 0.38

0.653 (3) r = 0.52

Two Years

-

-

0.974 (3) r = -0.04
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Discussion
We have shown that stress-induced corticosterone levels, and to some extent
baseline corticosterone levels, are repeatable within individuals in a free-living
population of Florida scrub-jays sampled across ages and including multiple cohorts.
These are some of the first data to show repeatability of hormone secretion in such a way,
encompassing several different life stages, within the natural environment.
Previous laboratory studies with zebra finches and Japanese quail demonstrated
the heritable nature of CORT secretion by selective breeding of high and low-responsive
lines of these animals (Evans et al., 2006; Satterlee and Johnson, 1988). In addition,
several studies have demonstrated repeatability of CORT secretion in the lab over the
course of days to weeks (e.g., Romero and Reed, 2008). While these studies are useful in
uncovering clues as to the influence of genes on CORT secretion, the laboratory
environment is an inherently controlled environment where conditions are uniform and
any variance will likely be experienced by all individuals. Conversely, in the wild,
conditions experienced may differ both among individuals (i.e., spatially) and within
individuals (i.e., temporally). As a finely-tuned physiological system that is responsive to
a wide variety of stimuli, we would expect an individual sampled at different times to
have recently experienced different environmental conditions, thus making detection of
repeatability of baseline levels difficult. Given that baseline CORT levels will reflect both
endogenous stimuli (i. e., condition or nutritional status), as well as recently experienced
exogenous stimuli (e. g., intra- or inter-specific interactions, inclement weather) it is
therefore perhaps unreasonable to expect a high degree of repeatability even in the
presence of a genetic predilection for a set level of HPA axis activity. It is well known
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that baseline CORT levels fluctuate with time of day, season, and nutritional status (e. g.,
Breuner et al., 1999; Lucas et al., 2006; Romero, 2002). While we can account for time of
day and seasonal effects, we simply cannot account for all of the variation in
environmental conditions (which in the broadest sense also includes interactions with
both con- and hetero-specifics) experienced by a bird immediately before to a particular
capture, conditions which could lead to marked variation in baseline CORT levels.
Despite this, we found some evidence of repeatability of baseline CORT levels within
individuals, although this repeatability was mainly driven by correlations in CORT levels
of nestlings and one year olds. While we can only speculate as to the origins of such
repeatability, it may be that the early environment is shaping the HPA axis of developing
nestlings, such that individuals with high CORT as nestlings display relatively high
baseline CORT at one year of age.
In contrast, stress-induced CORT levels reflect the amount of CORT that a bird
secretes in response to a standardized stressor applied by the researcher. This protocol is
designed to elicit maximal CORT secretion. Given the standardized nature of the stressor,
we would expect to be better able to detect repeatability of the stress response if it exists
than in the case of baseline CORT levels. In fact, we found a high degree of repeatability
of both integrated CORT and corrected integrated CORT levels. Despite differences in
environmental conditions due to year of sampling, potential differences in nutritional
state, and in some cases changes over time in breeding status (i.e., some birds were in the
process of becoming breeders, in transition from a helper to a breeder status, when
sampled at two or three years of age), the degree of CORT secreted in response to our
protocol was highly consistent within individuals.
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Interestingly, the repeatability of stress-induced CORT secretion that we observed
was strongly associated with stress-induced CORT levels obtained at nutritional
independence. At this age, young jays are not yet at their full body weight (M. Rensel,
pers. obs.) and are still undergoing some degree of growth and development. Despite this
fact, stress responsiveness seems to be ‗set‘ within an individual by this age, although it
must be noted that just because CORT was repeatable does not mean that absolute levels
were equivalent between sampling times (Rensel et al., 2010b). Instead, relative levels of
CORT secreted were repeatable within individuals.
We hypothesized that because they are not yet fully developed, baseline and
stress-induced CORT levels may not be stabilized within young individuals such as the
nestlings and nutritionally independent young we sampled. Therefore, for one of our
models examining repeatability we restricted our analyses to individuals of one year of
age or older (thus also removing the potential confound of ‗season‘ included in the full
analysis due to different sampling times of nestlings, independents, and adults). When
only adults were considered, integrated and corrected integrated CORT remained
repeatable within adults, while baseline CORT was not repeatable. These results lend
more support to the hypothesis that stress responsiveness is repeatable within individuals,
even when sampled over the course of multiple years and during differing environmental
conditions.
Given that stress-induced CORT secretion is a repeatable trait within individual
Florida scrub-jays, is there a relationship between CORT secretion and fitness? There is
interest in determining the relationship between stress responsiveness and fitness, as
despite the recurring idea that the stress response is adaptive, there is little empirical
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support (reviewed in Breuner et al., 2008). To date, there is conflicting evidence
regarding the role of stress-induced CORT secretion in facilitating survival or
reproduction (e.g., Blas et al., 2007; Cabezas et al., 2007). Some of these conflicting
results may be explained in part by different phenotypes (i.e., high vs. low responders)
performing well in terms of fecundity or survival, for instance, in some environmental
conditions but not others. Stress-induced CORT secretion is often correlated with
personality types, with high stress responders tending to be shy while low stress
responders tend to be bold (reviewed in Cockrem, 2007; Schoech et al., 2009). The
correlation between CORT secretion and behavioral phenotype may provide a mechanism
whereby CORT secretion is correlated with fitness (i.e., a high stress, shy individual may
be more likely to survive in a year with poor resource availability, while the opposite may
be true in a ‗good‘ year; Blas et al., 2007; Dingemanse et al., 2004). Whether this is the
case in the Florida scrub-jay remains to be tested.
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CHAPTER 6: CORTICOSTERONE SECRETION PATTERNS PREDICT SOME
ASPECTS OF FITNESS IN YOUNG FLORIDA SCRUB-JAYS
(APHELOCOMA COERULESCENS)
Abstract
Corticosterone (CORT) levels are often indicative of individual condition and are
thus assumed to be reliable predictors of fitness. We tested this assumption by assessing
the relationship between baseline and stress induced CORT levels and survival at
multiple time-points during the first two years of life in a free-living population of
Florida scrub-jays (Aphelocoma coerulescens). In addition, we examined the links
between CORT levels and several measures of reproductive success in a group of firsttime breeders. Individuals with high baseline CORT levels at one year of age were less
likely to survive to two years of age, but only within one of the three cohorts examined.
Baseline CORT levels did not predict survival to fledging, survival from fledging to
nutritional independence, or survival from nutritional independence to January of the
following year. Similarly, degree of stress responsiveness at nutritional independence and
at one year of age did not predict survival through the subsequent winter in either case.
Both baseline and stress-induced CORT levels predicted aspects of reproductive success
in first-time breeders, however. Breeders with high baseline CORT levels had larger
offspring on day 11 post-hatch and those with a greater stress response had fewer
offspring that survived to day 11 post-hatch, a lower probability of fledging any young,
and fewer young surviving to nutritional independence. The results of this study provide
some support for the hypothesis that both baseline and stress-induced CORT levels are
predictive of survival and reproductive success, although our findings were not uniform
across early life stages.
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Introduction
Levels of corticosterone (CORT), the primary avian glucocorticoid, are often used
as biomarkers of individual and population health (e. g., Wasser et al., 1997). CORT at
baseline levels is important for a number of homeostatic functions and thus elevated
baseline CORT may indicate that an animal is undergoing changes in its external and
internal environment such as approaching fledging (Corbel and Groscolas, 2008),
breeding (Lormée et al., 2003), or coping with a lack of food (Jenni-Eiermann et al.,
2008), to name a few examples. Such CORT elevations are considered to be adaptive
because CORT enhances gluconeogenesis and helps mediate physiological and
behavioral shifts towards survival and away from non-essential functions (reviewed in
Romero and Butler, 2007; Sapolsky et al., 2000). According to the CORT-Fitness
Hypothesis (reviewed in Bonier et al., 2009a), baseline CORT levels should increase in
response to environmental challenges, and an increase in environmental challenges
should decrease survival and reproductive success. Therefore, this hypothesis predicts a
negative relationship between baseline CORT levels and fitness, although this
relationship is almost certainly not directly causal. Rather, the relationship exists because
of the numerous effects that CORT has on other systems that may covary with or mediate
fitness. Numerous studies have supported this hypothesis by demonstrating negative
correlations between elevated CORT levels and various measures of reproductive success
and survival (e.g., Brown et al., 2005; Buck et al., 2007; Lanctot et al., 2003).
Although the CORT-Fitness Hypothesis predicts a negative relationship between
baseline CORT levels and fitness, some studies have found positive correlations between
baseline CORT and measures of reproductive success. For example, tree swallows
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(Tachycineta bicolor) with high baseline CORT levels while rearing young actually
produce larger offspring (in terms of nestling growth rate) than those with low baseline
CORT levels (Bonier et al., 2009b). Such positive correlations between baseline CORT
levels and reproductive success are proposed to be the result of adaptive allocation of
energy to the current reproductive effort (Bonier et al., 2009a; Bonier et al., 2009b).
While baseline CORT levels are undoubtedly important for the mediation of
reproduction and survival, the degree of responsiveness of the hypothalamo-pituitaryadrenal (HPA) axis as reflected by elevations in CORT levels following the experience of
a potent stressor (i. e., stress-induced CORT), may also be correlated with fitness. A
review by Breuner et al. (2008) summarized the current state of knowledge with respect
to HPA axis responsiveness and fitness. A number of studies have examined the
relationships between stress-induced CORT levels and factors that may mediate survival,
such as body condition, immune function, and behavior; however, very few studies have
attempted to correlate the stress response with direct measures of fitness (but see Angelier
et al., 2009; Blas et al., 2007; Cabezas et al., 2007; Romero and Wikelski, 2001). Despite
this fact, it is often assumed that the stress response is adaptive, especially given its
conserved nature among vertebrates. It has been proposed that the more responsive the
HPA axis (i. e., the more CORT secreted over the course of a standard stressor) the
greater the benefit, because elevated CORT helps to shift energy away from non-vital
functions, such as reproduction, and towards survival (Breuner et al., 2008). In support of
this, some studies have found the stress response to be down-regulated during
reproduction, a time when allocation of resources to offspring vs. self-maintenance is of
the utmost importance (Lendvai et al., 2007). While dampened HPA axis responsiveness
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is often observed in conjunction with breeding, studies of the stress response and survival
have produced mixed results, with a higher stress response being correlated with lower
survival (Blas et al., 2007; Romero and Wikelski, 2001), higher survival (Angelier et al.,
2009), or having no effect (Brown et al., 2005).
The stress response can be correlated with an individual's behavioral phenotype
(also known as personality, coping style or behavioral syndrome; reviewed in Cockrem,
2007). In a number of avian species, individuals with a more responsive HPA axis tend to
be relatively risk-aversive or ‗shy,‘ while low 'stress responders' tend to be less riskaversive and ‗bold.‘ The fitness effects of an individual's behavioral phenotype would be
expected to be context-dependent (e. g., resource availability within a given year or
predation pressure; Blas et al., 2007; Réale and Festa-Bianchet, 2003). For example,
while one behavioral and physiological phenotype (a bold, low-stress responder) may be
advantageous in a year of high food availability and high population density, this same
phenotype may be selected against in years of low food availability and population
density. Such fluctuating selection pressures may contribute to some of the discrepancies
in results obtained thus far (Dingemanse et al., 2004), and may enable maintenance of
differing CORT-responsive phenotypes within wild populations.
The goal of this study was to assess the relationship between baseline CORT
levels, the stress response, and fitness in a free-living, non-migratory species, the Florida
scrub-jay (Aphelocoma coerulescens). Mortality rates are highest in this species during
the first year of life (Woolfenden and Fitzpatrick, 1984); thus if CORT levels are
important in mediating survival, we might expect to see stronger relationships between
CORT and survival at early ages than later in life. The nature of our study system allows
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us to repeatedly sample and monitor jays over the course of their lifetimes. Therefore, we
are able to assess the relationship between CORT secretion and fitness in jays of multiple
ages (i. e., whether CORT levels as a nestling, nutritionally independent young, or one
year-old predicted survival to the subsequent age or beyond). In addition, over the course
of this study (2006-2010), one cohort (individuals that hatched in 2008) experienced
relatively high survival over the first few years of life (in contrast to the poorer years of
2006 and 2007), such that several individuals became breeders during the 2010 season at
two years of age. We also examined the relationship between pre-breeding CORT levels
(baseline and stress-induced) and several measures of reproductive success in these
individuals.

Methods
Study System
This study took place at Archbold Biological Station, located in Highlands
County, FL (see Rensel et al., 2010 for further site details). The Florida Scrub-Jay is a
cooperatively breeding species that is restricted to the scrub oak habitat of peninsular
Florida. They are non-migratory and occupy and defend all-purpose territories on a yearround basis. Breeding pairs are assisted by from zero to seven adult, non-breeding helpers
(often offspring of one or both of the breeders) that aid in provisioning of nestlings and
fledglings, general vigilance against predators, and territory defense (Woolfenden and
Fitzpatrick, 1984). The breeding season lasts from roughly mid-February through early to
late June of each year, during which breeding pairs raise one brood and re-nest after nest
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failures (true 'double-broods' are rare). Clutch size ranges from 1-5 eggs (mean = 3 eggs)
that are incubated for approximately 18 days until hatching, after which nestlings remain
in the nest for another 18 days. Fledged young are dependent on adults within the
territory for food and protection until the age of 60-70 days (McGowan and Woolfenden,
1990; Mumme, 1992). As a part of ongoing research projects with the population of jays
monitored by our research group, all nests were found in the building, laying, or
incubation stages and monitored thereafter until fledging or failure (see Rensel et al. in
review for details).
Nestling Sampling
Nestlings from the 2007 and 2008 cohort were blood sampled on day 11 posthatch, the historical date of nestling banding in this population (see Woolfenden and
Fitzpatrick, 1984). Nestlings were removed one-at-a-time from the nest between 1000
and 1400h EST and taken 15-50 meters away to eliminate parental alarm calling. We took
a small blood sample (~60-200 µl whole blood; less than 1% of total body mass; McGuill
and Rowan, 1989) from the brachial vein by puncture with a 27 gauge needle and
collected samples in heparinized microhematocrit tubes. Samples were taken within 4
min of removal from the nest to ensure baseline CORT levels (Romero and Reed, 2005).
For the purposes of this study, we only consider first-bled nestlings in the analyses
described below, as nestling CORT levels generally increase with time since the nest was
first disturbed (Rensel et al., 2010; see too Fridinger et al., 2007). In several cases, two
nestlings from the same nest were bled simultaneously following the initial disturbance
(i. e., two researchers approached the nest simultaneously and removed and bled a
nestling apiece). To avoid pseudoreplication, one of the two nestlings from these nests
115

was randomly for analysis using a random number generator. Thus for the analyses
presented below, each nestling represents one nest. A total of 64 nestlings from 48
mothers were included in this study (see below).
To determine fledging success, nests were checked on days 14, 17, and 18 posthatch. If nestlings had not fledged by day 18, each nest was checked daily until all
nestlings had fledged. Successful fledging was defined as being present in the nest on day
17 and gone on day 18 post-hatch, with no sign of nest disturbance as is invariably the
case following nest depredation. Additionally, subsequent verification of success was
obtained by finding at least one individual fledging from a nest. In fact, all 52 nestlings
that were designated as fledged for this analysis were re-sighted after fledging except for
1 (in a case where the day 17 nest check was not conducted and fledging was assumed to
be in progress during the day 18 check; this individual was not re-sighted after fledging
but its nest-mate was seen). Two of the 12 individuals that were designated as ‗not
fledged‘ in this analysis came from nests where the total number of nestlings in the nest
was uncertain on day 17 or 18 post-hatch (verification was not possible due to the
possibility of force-fledging young), but all other nest-mates were observed after
fledging.
Sampling of Nutritionally Independent Young and Yearlings
Young Florida Scrub-Jays begin to feed themselves at approximately 60-70 days
of age (McGowan and Woolfenden, 1990; Mumme et al. 1992). We returned to our field
site in June-July of 2006, 2007, and 2008 (2006: June 6-July 24; 2007: June 26-July 2;
2008: July 8-17) when most fledglings had reached independence, censused all
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individuals, and captured independent young to measure baseline CORT, HPA axis
responsiveness, or both (n = 84 individuals for baseline CORT and 44 individuals for full
stress series; for protocol details see Schoech et al., 2007). Note: the discrepancy in
sample sizes arises because independent young in the 2006 cohort were only sampled for
baseline CORT. Jays were first trained to take peanuts thrown by researchers on the
ground, then caught in peanut-baited Potter traps between 0700 and 1100h EST. We took
an initial blood sample of ~60-200 µl, recorded several morphometric measures (lengths
of the head and bill, wing cord, and tarsus), took a blood sample at 5 minutes, and then
placed the bird in an opaque cloth bag in the shade. Subsequent blood samples were taken
at 15 and 30 minutes post-capture, with the bird being placed in the bag between the 15
and 30 minute samples. Survival over winter or to two years of age was determined in
January of the following year, at the time of our return for the next field season. At this
time, the same stress series procedure was used on all surviving individuals (n = 58
individuals for baseline CORT and 40 individuals for stress-induced CORT). Sampling
dates for one year-olds were: 2007: Feb. 21 – April 11; 2008: March 19 – March 28;
2009: Feb. 15 – Feb. 26 (see below for statistical analyses of sampling date differences).
While females in particular may disperse at around one year of age, dispersal distances
tend to be small (i. e., less than 1000m for females; Woolfenden and Fitzpatrick, 1984),
there are few regions of suitable scrub habitat around our study site, and these areas are
routinely censused.
Radioimmunoassay
Corticosterone levels were determined using a direct radioimmunoassay (RIA).
Between 5 and 40 μl of plasma were combined with tritiated corticosterone (Perkin
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Elmer, Inc.) and corticosterone antiserum (Esoterix, Inc.). Depending upon assay size,
four to sixteen corticosterone standards (Sigma Aldrich) were run alongside unknown
samples and used to determine intra- and inter-assay variation. CORT values were
determined from a standard curve (range of 7.8 to 2000 pg per assay tube; see Rensel et
al., 2010 for further radioimmunoassay details). Samples for this study were run in 10
assays (intra-assay CVs 9.3 – 16.5%; inter-assay CV = 21.1%). The mean recovery was
78%. Integrated CORT, a measure of the area under the curve of the stress response
profile, was calculated using GraphPad Prism 5.0 (units = ng/ml.min; Cockrem and
Silverin, 2002; for more details see Rensel and Schoech, in review). We also calculated
corrected integrated CORT, the area under the curve after correcting for baseline CORT
levels (Cockrem and Silverin, 2002).
Statistical Analyses
Due to the need to pool CORT levels from multiple assays and cohorts within
analyses, we calculated the mean baseline CORT, integrated CORT, and corrected
integrated CORT for each cohort sampled within a given year. We then subtracted this
value from each individual‘s CORT level to obtain a relative CORT measure (i. e.,
deviation of an individual from the mean level). Within each age group (excepting
nestlings), the relationship between relative baseline CORT levels and sampling time
post-capture was non-significant (independent young: F1,82 = 0.16; P = 0.69; yearlings:
F1,56 = 0.63; P = 0.43). For nestlings, the relationship was significant (F1,62 = 4.05; P =
0.048); however, after elimination of one outlying time point at 240 seconds (the CORT
value was not an outlier, but all other sampling times were under 160 sec), this
relationship was non-significant (P = 0.054). Day of year of sampling did not
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significantly influence relative baseline CORT (nestlings: F1,62 = 0.20; P = 0.658;
independents: F1, 82 = 0.02; P = 0.882; yearlings: F1,56 = 0.54; P = 0.466) or relative
integrated and corrected integrated CORT levels (independents: P > 0.6 for both relative
integrated and corrected integrated CORT; yearlings: P > 0.8 for both relative integrated
and corrected integrated CORT levels). Additionally, relative baseline CORT did not vary
by time of day that samples were collected for any age group (P > 0.4 in all cases).
However, within the independent young and yearlings, relative integrated and corrected
integrated CORT levels declined with time of day (all P < 0.002). Therefore, these
relative CORT values were regressed on time of day and the residuals of this regression
were saved as the new CORT variables (termed integrated and corrected integrated
CORT residuals).
The relationship between nestling CORT and survival from the day of sampling
(day 11 post-hatch) to fledging (~ day 18 post-hatch) was determined using a generalized
linear mixed model (GLMM) with a Satterthwaite degrees of freedom correction (PROC
GLIMMIX; survival equals ‗yes‘ or ‗no‘; Bolker et al., 2009). Female identity was
included as a categorical random factor to control for sampling of nestlings from the
same mothers in multiple years. Continuous variables included were the relative baseline
CORT level (no acute CORT measures were taken from nestlings), nestling mass on day
11, and day of year (as nestling survival is known to decrease as the season progresses;
Woolfenden and Fitzpatrick, 1984). We also included the categorical variables cohort
(2007 or 2008) and pre-breeding treatment (supplemented or not; as part of ongoing
study, supplemental food was provided to some groups during the pre-breeding period
ending on the day the first egg was laid, see Schoech et al., 2008 for details). This
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variable was included in the analysis because in a separate study, nestling CORT levels
were lower in previously supplemented than non-supplemented territories (Rensel et al.,
in review) and because supplemented groups tend to produce more offspring overall than
un-supplemented groups (Schoech et al., 2008). We included the interactions between
relative baseline CORT levels and cohort, and relative baseline CORT levels and
treatment in the initial model. To assess the relationship between nestling CORT and
survival to nutritional independence (June-July), we excluded all nestlings that died
before fledging (n = 12) and ran a GLMM with the same independent variables but with
survival to independence as the dependent binary variable.
The relationship between CORT levels and survival from nutritional
independence to the following January (overwinter) was initially analyzed using a
GLMM to account for the facts that several individuals from the same nest within a year,
and the same mothers between years were sampled at independence and, therefore, would
be at least partially reliant on their parents over the course of the first winter. However,
there was so little variance attributable to female identity and nest of origin in the initial
models (i.e., the denominator degrees of freedom decreased to one) that we chose instead
to use a generalized linear model (PROC GENMOD) to assess survival. Survival
overwinter was included as the binary dependent variable, with cohort (2006, 2007, or
2008), mass at sampling, and relative baseline or stress-induced CORT levels (integrated
or corrected integrated CORT residuals) as independent variables. For the analysis of
survival between one and two years of age, we again used a generalized linear model and
included sex with the other independent variables since females, more so than males,
foray to neighboring territories at this time, presumably scouting for open breeding
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positions (Woolfenden and Fitzpatrick, 1984). Separate models were run for baseline and
stress-induced CORT levels because individuals from the 2006 cohort were sampled for
baseline, but not stress-induced CORT. For all models, we included main effects plus the
interaction between the CORT variable of interest (baseline or stress-induced) and cohort,
and the interaction between CORT levels and sex (for survival from one to two years). In
all cases, we used backwards elimination of non-significant variables (P > 0.05), starting
with removal of non-significant interaction terms and then proceeding to main effects, to
determine the best model.
To assess the relationship between pre-breeding baseline and stress-induced
CORT levels and reproductive success in the 2008 cohort breeding in 2010, we
monitored all nesting attempts and recorded the number of eggs, number of nestlings that
reached 11 days post-hatch, and mean offspring mass on day 11 post-hatch, as well as the
number of offspring that survived to fledging (~18 days post-hatch) and nutritional
independence. Because all CORT samples were run in the same assay, we used actual
values instead of relative CORT values in these analyses. A total of 21 birds from the
2008 cohort were alive during the 2010 season. Of these birds, 15 became breeders but
only 13 ever laid any eggs. Within the group of 13 individuals that bred, integrated and
corrected integrated CORT levels declined with time of day (P < 0.05 in both cases); thus
residuals from regressions of acute CORT on capture time of day were used as above.
Despite the fact that individuals were caught and sampled anywhere from 40 to 104 days
prior to laying of the first egg, all CORT measures (baseline CORT, integrated and
corrected integrated CORT residuals) were un-affected by the number of days until egglaying (baseline: F1,11 = 0.001; P = 0.978; integrated: F1,11 = 3.17; P = 0.103; corrected
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integrated: F1,11 = 3.23; P = 0.10). We assessed the timing of breeding and day 11 brood
mass using multiple regression. The independent variables in these analyses were
baseline and stress-induced CORT. Lay date was included as a variable in the analyses of
the brood mass to account for potential seasonal variation. We used a poisson regression
to analyze the relationship between number of offspring reaching day 11 post-hatch as
well as number of offspring reaching nutritional independence due to the fact that count
data such as number of offspring violate the assumptions of a linear regression (Crawley,
2007). Lay date, baseline CORT level, and integrated or corrected integrated CORT
residuals were included as independent variables. We did not conduct statistical analyses
on clutch size because all birds laid either three or four eggs. We also used a generalized
linear model to assess the probability that each bird fledged any young, given that we
were not able to accurately determine the number of fledglings produced by four of the
breeders (checks on the appropriate days in 2010 were not conducted in all cases).
Baseline CORT levels and stress-induced CORT residuals were included with lay date as
independent variables. For each analysis, non-significant terms were removed in a
backwards fashion and t statistics prior to removal are reported. Statistics were run using
SAS 9.1.3 and PASW 18.0.
Results
Nestlings
Survival from day 11 post-hatch to fledging was not predicted by relative baseline
CORT levels on day 11 (F1,61= 2.05; P = 0.158), although there was much more variation
in CORT levels among individuals that did not survive to fledge (Fig. 1a). The

122

probability of survival to fledging increased with nestling body mass on day 11 posthatch (F1,62 = 6.16; P = 0.016; Fig. 1b). Of the twelve individuals that did not fledge, 10
nestlings were from nests that experienced whole brood loss (predation), while only two
individuals appeared to have died as the result of starvation or partial brood depredation
(other nestlings in the nest survived to fledge). After exclusion of all individuals that died
before fledging, the relationship between nestling relative CORT levels and survival to
June-July (the time of nutritional independence) was also non-significant (F1,48 = 1.46; P
= 0.232; see Table 1 for full model results).

Fig. 1. Nestling relative baseline CORT levels (a) and mass on day 11 post-hatch (b) in
individuals that did and did not successfully fledge from the nest. Relative baseline
CORT levels are the deviations of each individual from the mean value within each
cohort (2007 or 2008). Bars are means ± SEM.
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Table 1 Results from generalized linear mixed model assessing the probability of
survival from day 11 post-hatch to fledging and to nutritional independence.
Corticosterone values are the deviation of baseline values from the mean value.
Interaction terms were non-significant and are not presented below. Variables retained in
the final model are in boldface.

Cohort
Treat
Mass
Corticosterone
Day of Year

Day 11 to

Fledging to Independence

Fledging (n = 64)

(n = 51)

F
0.00
0.01
6.16
2.05
1.99

P
0.944
0.926
0.016
0.158
0.164

F
0.76
1.66
0.01
1.46
0.01

P
0.387
0.204
0.932
0.232
0.929

Nutritionally Independent Young
Relative baseline CORT levels at nutritional independence did not predict survival
over winter (X2 = 0.23; P = 0.633), nor did integrated CORT residuals, although there
was a trend towards higher survival in birds with a higher magnitude stress response (X2
= 2.82; P = 0.093; Fig. 2). When the same model was run with corrected integrated
CORT residuals, however, there was a significant interaction between pre-breeding
treatment and the stress response (X2 = 4.81; P = 0.028; see Table 2 for full model
results). In non-supplemented groups, corrected integrated CORT residuals were not
predictive of survival (X2 = 0.00; P = 0.984), while there was a trend towards higher
survival in birds with a greater stress response in supplemented groups (X2 = 3.22; P =
0.073).
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Fig. 2. Stress-induced CORT levels (integrated CORT residuals) of independent young
that did and did not survive through the first winter (to January of the following year).
Integrated CORT residuals are the deviations of each individual from the mean value
within each cohort (2007 or 2008) corrected for sampling time of day. Bars are means ±
SEM.

Table 2 Results from generalized linear model assessing the probability of survival from
nutritional independence to one year of age (overwinter). The model with relative
baseline CORT levels is presented in the left-hand column, while the model with stressinduced CORT levels (integrated and corrected integrated CORT residuals) is presented
in the right-hand column. Results for interaction terms are only presented where
significant. Variables retained in the final model are in boldface.
Independence to
Overwinter-baseline
2

Cohort
Treat
Mass
CORT
CORT*Treat

X
2.81
0.93
2.92
0.23

Independence to Overwinter-stress-induced (n = 44)

(n = 84)
P
0.246
0.335
0.088
0.633

Integrated CORT
2

X
3.39
1.10
1.51
2.82
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P
0.066
0.294
0.220
0.093

Corrected Integrated CORT
X2
5.96
0.17
3.81
3.98
4.81

P
0.015
0.679
0.051
0.046
0.028

Yearlings
There was a trend towards a cohort-specific effect of baseline CORT levels at one
year of age on probability of survival from one to two years of age (relative baseline
CORT * cohort: X2 = 5.76; P = 0.056). Assessing the probability of survival to two years
of age for each cohort separately, there was no relationship between baseline CORT and
survival within the 2006 or 2007 cohorts (n = 16: X2 = 0.18; P = 0.672 and n = 11: X2 =
2.81; P = 0.094, respectively). However, within the larger 2008 cohort, individuals with
higher relative baseline CORT were less likely to survive from one to two years of age
than those with lower baseline levels (n = 31: X2 = 4.87; P = 0.027; Fig. 3). Integrated
CORT and corrected integrated CORT residuals did not predict survival during this time
period (X2 = 2.11; P = 0.146 and X2 = 2.55; P = 0.110, respectively; see Table 3 for full
model results).
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Fig. 3. Relative baseline CORT levels of yearlings that did and did not survive from
approximately one to two years of age. Relative baseline CORT levels are the deviations
of each individual from the mean value within each cohort (2006, 2007, or 2008).
Baseline CORT predicted survival from one to two years of age within the 2008, but not
the 2006 or 2007 cohorts. Bars are means ± SEM.

Table 3 Results from generalized linear model assessing the probability of survival from
one to two years of age. The model with relative baseline CORT levels is presented in the
left-hand column, while the model with stress-induced CORT levels (integrated and
corrected integrated CORT residuals) is presented in the right-hand column. Results for
interaction terms are only presented where significant. Variables retained in the final
model are in boldface.
One to Two-baseline
(n = 58)
2

Cohort
Mass
CORT
Sex
CORT*Cohort

X
2.21
0.43
0.34
2.67
5.76

P
0.331
0.510
0.558
0.102
0.056

One to Two-stress-induced (n = 40)
Integrated CORT
2

X
1.66
0.70
2.11
1.56
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P
0.198
0.402
0.146
0.211

Corrected Integrated CORT
X2
1.31
2.09
2.55
2.03

P
0.253
0.148
0.110
0.155

Reproductive Success in 2008 Cohort Breeding in 2010
The timing of breeding (lay date) was not influenced by either baseline CORT
levels or stress-induced CORT residuals (baseline: t = -0.33; P = 0.746; integrated
residuals: t = -1.15; P = 0.276; qualitatively similar results were obtained using corrected
integrated CORT residuals). In addition, the number of offspring surviving to day 11
post-hatch was not predicted by lay date (X2 = 0.98; P = 0.32) or baseline CORT levels
(X2= 0.74; P = 0.391). However, birds with higher integrated CORT residuals had fewer
offspring that survived to 11 days post-hatch (X2 = 11.28; P = 0.0008; Fig. 4; qualitatively
similar results were obtained using corrected integrated CORT residuals).

Fig. 4. The relationship between the pre-breeding stress response (corrected integrated
CORT residuals) of individuals from the 2008 cohort breeding in 2010 and number of
offspring surviving to day 11 post-hatch. Corrected integrated CORT residuals are the
area under the curve of the stress response adjusted for variation by sampling time of day.
Bars are means ± SEM.
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Mean offspring mass on day 11 post-hatch was not predicted by lay date (t = -0.56; P =
0.632). Individuals with higher baseline CORT levels prior to breeding had heavier
offspring on day 11 post-hatch than those with lower baseline levels (t = 3.51; P = 0.025;
Fig. 5), while integrated CORT residuals did not predict offspring mass (t = 1.92; P =
0.151; qualitatively similar results for model with corrected integrated CORT residuals).
The probability of fledging any young was not predicted by baseline CORT levels (X2 =
0.03; P = 0.874) or lay date (X2 = 0.10; P = 0.746). However, birds with a stronger stress
response (higher integrated CORT residuals) were less likely to fledge any offspring (X2
= 9.36; P = 0.002; qualitatively similar results for model with corrected integrated CORT
residuals; Fig. 6). Finally, the number of offspring that survived to nutritional
independence (August 2010), was higher for parents with lower integrated CORT
residuals (X2 = 7.57; P = 0.006) and lower baseline CORT levels (X2 = 3.85; P = 0.05),
while the effect of lay date was non-significant (lay date: X2 = 0.92; P = 0.337;
qualitatively similar results for model with corrected integrated CORT residuals).
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Fig. 5. The relationship between pre-breeding baseline CORT levels of individuals from
the 2008 cohort breeding in 2010 and mean offspring mass on day 11 post-hatch. Bars are
means ± SEM.

Fig. 6. Stress-induced CORT levels (corrected integrated CORT residuals) of individuals
from the 2008 cohort breeding in 2010 and whether or not these individuals fledged any
young from the first breeding attempt. Corrected integrated CORT residuals are the area
under the curve of the stress response adjusted for variation by sampling time of day.
Bars are means ± SEM.
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Discussion
We have presented results from a free-living species that provide some support for
the hypothesis that baseline and stress-induced CORT secretion represent a physiological
system that contributes to lifetime fitness. To date, this is one of the only studies to assess
the relationship between baseline and stress-induced CORT levels and survival at
multiple ages, as well as the relationship between CORT levels and reproductive success.
The non-migratory, long-lived nature of our study species thus provides a unique and
powerful opportunity to investigate the fitness consequences of natural variation in
physiological parameters.
There are numerous studies linking early conditions in the nest with variable
nestling CORT secretion (e. g., Blas et al., 2005). These studies have shown, for example,
that hatch order (Rensel et al., in review; Sockman and Schwabl, 2001), ecotourism
(Walker et al., 2005), and parental behavior (Rensel et al., 2010) induce variation in
CORT levels that is assumed to have fitness implications. However, in the majority of
studies linking environmental conditions to CORT levels in both young and adult birds,
the implications of variable CORT secretion for fitness have not been tested directly. In
our study, we assessed the relationship between baseline CORT levels at multiple earlylife stages and the probability of survival to important life-history stages (fledging,
nutritional independence, overwinter, and two years of age). We found some limited
support for the CORT-Fitness Hypothesis, although only in one group of birds at one time
point. Within the largest cohort included in this study, the probability of survival from
one year of age to two years of age was lowest in birds with high baseline CORT levels at
one year of age.
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Given that the probability of dying for a Florida scrub-jay is highest during the
first year of life, why then did we find no relationship between nestling survival and
baseline CORT? When considering survival to fledging, it is important to note that within
this species, nestling starvation is relatively uncommon (Woolfenden and Fitzpatrick,
1984). Therefore, the main source of mortality for nestlings is through nest predation.
One could then easily assume that baseline CORT levels in nestlings should be
dissociated from survival probability. This appeared to be the case in our study, although
upon further examination it became apparent that nestlings that died prior to fledging had
more variable CORT levels than survivors and that these levels tended to be higher than
those of survivors. In addition, there was a strong relationship between survival
probability and nestling mass; heavier nestlings were more likely to fledge than smaller
nestlings. We therefore suggest that slightly higher and more variable CORT secretion,
along with lower body mass, are indicative of poorer-quality parents or poor
environmental conditions leading to lower-quality care in those nests that failed prior to
fledging. It is true that even the most attentive parents may lose their broods to predators
through random chance; however, we have recently shown that female Florida scrub-jays
that spend less time at their nests during the critical brooding period are less likely to
fledge any offspring than those that are more attentive, presumably through an increased
probability of nest predation (Wilcoxen et al., in revision). In addition, nestling CORT
levels are elevated at nests where females are absent for long periods of time (Rensel et
al., 2010). Taken together, these results indicate that a nestling‘s condition (CORT level
and body mass) may not determine its survival to fledging per se, but instead most likely
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provides an honest indicator of the quality of care that it receives from its parents, which
in turn determines survival.
Probability of nestling survival from fledging to nutritional independence was
also independent of nestling CORT levels. When nestlings fledge, they are essentially
helpless, being unable to adequately fly for several weeks and are, therefore, very
susceptible to predators. One could predict that the response of an individual to the
environmental conditions it encounters outside of the nest would be determined, at least
in part, by nestling CORT levels. Nestlings in this study were sampled during two years
of very different environmental conditions, however. The breeding season of 2007 was
characterized by low productivity and low fledging success, while 2008 was
characterized by high productivity. Indeed, the number of individuals from the 2008
cohort that survived to fledge in our analyses was roughly double that of 2007. It is
possible that the greater number of individuals in the ‗good‘ year of 2008 may have
swamped any effect of CORT on survival occurring during the ‗poor‘ 2007 breeding
season.
Baseline CORT levels at independence did not predict survival from nutritional
independence through the critical over-winter period. Over such a long time period,
baseline levels of these individuals may have changed considerably, given that baseline
CORT is responsive to a number of external sources (e. g., time of day, nutritional
condition, season; Breuner et al., 1999; Quillfeldt et al., 2007; Romero et al., 2006).
However, we have recently shown that there is some repeatability in baseline CORT
secretion in young Florida scrub-jays over time (Rensel and Schoech, in review).
Therefore, CORT levels at nutritional independence may have translated through to the
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overwinter period. The lack of a relationship between baseline CORT and survival during
this period may be attributable in part to a disease epidemic that killed ~ 40 % of our
study population during the late summer and early fall months of 2008 (Wilcoxen et al.,
2010). Given that the epidemic killed entire family groups and appeared to have a strong
spatial component (R. Boughton, pers. comm.), it may be that baseline CORT levels
during this period played no part in determining survival through such a drastic disease
outbreak. Indeed, in a sample of male breeders sampled for CORT, Wilcoxen et al. (2010)
found that baseline CORT levels were not predictive of survival through the epidemic,
although innate immune activity was correlated with survival.
While we found that baseline CORT levels predicted survival from one to two
years of age in one cohort, there were no significant effects of stress-induced CORT
levels on survival. While there have been very few direct examinations of the stress
response and fitness, it is often assumed that a higher stress response should be more
conducive to survival through a stressful event as it facilitates the reallocation of
resources to essential functions (reviewed in Breuner et al., 2008). In a study of migratory
American redstarts (Setophaga ruticilla), Angelier et al. (2009) recently supported this
prediction by showing that return rates were highest in birds with the largest stress
responses. However, evidence from European white storks (Ciconia ciconia; Blas et al.,
2007) and marine iguanas (Amblyrhynchus cristatus; Romero and Wikelski, 2001)
suggest the opposite: that a higher stress response leads to decreased survival. Some of
these discrepancies in results may arise from the different selective pressures that occur in
different environments (spatially) and years (temporally). Our results don‘t seem to
support either prediction, however, as we didn‘t find any significant effects of stress134

induced CORT levels on survival. There was, however, a trend towards higher survival
from nutritional independence through the overwinter period in animals with a higher
stress response. While non-significant, this trend provides support for the adaptive stress
response hypothesis. We have also recently shown that stress-induced CORT levels are
highly repeatable within individuals sampled multiple times over the first few years of
life (Rensel and Schoech, in review). Therefore, while the survival effects of the stress
response were weak and hard to detect over the course of the first two years of life, it is
entirely possible that the stress response could predict survival later in life (i.e., from two
years of age onwards) or in years in which resource availability is relatively poor. Given
that most young Florida scrub-jays wait to become breeders until the age of two or three
years, it may be that stress-induced CORT levels are more important for fitness during
these life history stages than during earlier stages when jays are usually still living in the
relative security of the family group and not breeding.
In addition to taking blood samples at multiple life history stages and correlating
CORT levels at these stages with survival, we assessed the relationship between CORT
levels and reproductive success in a group of two year olds that bred in 2010. Cohortspecific early life effects were thus controlled (i. e., year-effects), as well as the fact that
none of the birds had previously bred. While the number of individuals that bred was
small (13 of 21 two year-olds), our results link CORT levels and reproductive success.
Baseline CORT levels, as previously mentioned, are expected to negatively co-vary with
both survival and reproductive success. We found that two year-olds with high levels of
baseline CORT during the pre-breeding period actually had heavier nestlings on day 11
post-hatch, one measure of reproductive success. These results are the opposite of what
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one would predict based on the CORT-Fitness Hypothesis. Bonier et al. (2009a) correctly
note, however, that the relationship between CORT and fitness may vary, or even
completely switch in direction, according to context. For example, positive correlations
between baseline CORT levels and measures of reproductive success have been observed
in European starlings (Sturnus vulgaris; Love et al., 2004) and tree swallows (Bonier et
al., 2009a). What separates our results from those of the aforementioned studies,
however, is the fact that the baseline CORT levels were from pre-breeding birds instead
of birds in the midst of breeding. Although jays were sampled anywhere from one to
three and a half months in advance of breeding, nonetheless baseline CORT levels may
have been indicative of the level of effort these jays were putting into preparation for
reproduction. As all of the individuals sampled were first-time breeders, the pre-breeding
period was an important time for searching for a mate and establishing a pair-bond, which
is especially important in this socially and genetically monogamous (see Quinn et al.,
1999), long-term pair-bonded species. The correlation between elevated CORT and larger
offspring mass may therefore reflect adaptive allocation of resources to multiple aspects
of breeding, where birds with high CORT were simply investing more in the processes of
pair bond formation and territory establishment and maintenance. A similar positive
correlation between pre-breeding baseline CORT and reproductive success (number of
fledglings produced) was observed in male red-winged blackbirds (Agelaius phoeniceus;
Beletsky et al., 1989). Additional sampling of jays during breeding will help to elucidate
the nature of the relationship between baseline CORT levels and reproductive effort.
Finally, while baseline CORT levels were predictive of one aspect of reproductive
success, offspring mass on day 11 post-hatch, variation in the stress response prior to
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breeding predicted the number of offspring surviving to day 11 post-hatch, the probability
of fledging any of those young, and the number of offspring surviving to the month of
August when most young have reached nutritional independence. Jays with a stronger
stress response prior to breeding had fewer offspring that survived to day 11 post-hatch
and nutritional independence (indices of both clutch size and the ability to keep offspring
alive after hatching) and were less likely to fledge any offspring than jays with a lower
stress response. These results support the predictions of the adaptive stress response
hypothesis, which states that individuals with higher stress responses allocate more
reserves to self-maintenance and, thereby allocate fewer reserves to other functions, such
as reproduction. It is unknown whether the response to stress is dampened during
breeding in this species, as has been shown in other systems (e.g., house sparrows, Passer
domesticus; Lendvai et al., 2007; several species of arctic breeding birds; Wingfield et al.,
1995). However, given that stress-induced CORT levels are repeatable within individuals
at least from year to year, even if a high-stress responder dampens its stress response
during breeding, the absolute amount of CORT secreted during a stress response may still
be high compared to a low stress-responder.
In summary, we have investigated the relationship between baseline and stressinduced CORT levels, survival, and reproductive success in a free-living, moderately
long-lived species that provides a powerful and unique model system. We find support
for some aspects of the CORT-Fitness and the adaptive stress response hypotheses,
although results are not consistent across ages and cohorts. We will continue to
investigate the implications of CORT levels for fitness in these same individuals as they
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age and in new cohorts that hatch under unique environmental conditions that will
undoubtedly produce varying selective pressures.
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CHAPTER 7: CONCLUSION
The results of the studies presented in this dissertation provide exciting links
between early developmental conditions, corticosterone secretion, and fitness in Florida
scrub-jays. By incorporating long-term demographic monitoring with intensive blood
sampling of jays over the course of the first few years of life, these studies provide
important clues as to the causes and consequences of corticosterone secretion in freeliving animals, a task which is often incredibly difficult or impossible to complete in the
natural environment.
The goal of the first studies presented (Chapters 2, 3, and 4) was to uncover the
correlates of variation in nestling corticosterone levels. In Chapter 2, I discussed the
relative costs and benefits of corticosterone secretion in developing animals, and tested
one of the main predictions of the developmental hypothesis, that corticosterone levels
should be attenuated in young animals. In support of the developmental hypothesis, I
found that nestlings had the lowest stress-induced CORT levels, while yearlings had the
highest levels. In Chapters 3 and 4, I assessed the contributions of early nest conditions to
nestling baseline CORT levels. Specifically, I found that provisioning to the nest and
female nest attendance patterns influenced nestling CORT levels, as well as nestling body
condition and in some cases, hatching order. Having found that nestling CORT levels are
variable and are influenced by early nest conditions and age, I then proceeded to assess
the functional significance of this variation. In Chapter 5, I addressed whether or not
baseline and stress-induced CORT levels were more variable between individuals than
within individuals by calculating levels of repeatability and assessing correlations
between CORT levels at several early-life stages. I found that stress-induced CORT levels
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were repeatable within individuals, indicating that stress responsiveness is a consistent
trait within an individual. Baseline CORT levels, while not significantly so, tended to be
repeatable as well. These exciting results suggest that CORT secretion patterns are indeed
specific to the individual and represent a portion of the physiological phenotype that may
be subject to natural selection.
Finally, in Chapter 6, I addressed the ultimate consequences of variation in CORT
levels among individuals. To do so, I monitored survival during early-life transitions (i.
e., nestling to fledging), as well as reproductive success in a group of first-time breeders.
In support of the CORT-Fitness Hypothesis, I found that individuals with high baseline
CORT levels in one cohort were less likely to survive from age one to two than those
with low baseline CORT levels. However, baseline CORT levels did not predict survival
at any other age assessed. In addition, the stress response, while often assumed to be
adaptive, did not predict survival at any age. While there was relatively weak support for
the hypothesis that CORT levels predict survival, I found that baseline and stress-induced
CORT levels significantly predicted several measures of reproductive success.
Individuals with a higher stress response had lower offspring production than those with
a lesser stress response. In addition, there was a positive relationship between baseline
CORT levels and offspring mass on day 11 post-hatch. Therefore, it appears that CORT
secretion patterns are indeed linked to reproductive success and thus, fitness.
The results of this dissertation thus provide an integrated approach to the
assessment of CORT secretion dynamics in young Florida scrub-jays, addressing
questions using multiple levels of analysis and incorporating physiological measures with
measures of fitness.
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